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The objectives of the current study were to evaluate the effectiveness of feeding a 
reduced emission diet (R) containing 6.9% of a gypsum-zeolite mixture and slightly reduced 
crude protein (CP) to 21-, 38-, and 59- wk old Hy-line W36 hens (trial 1, 2, and 3, 
respectively) on hen performance, emissions of NH3, H2S, NO, N02, C02, CH4, non-methane 
total hydrocarbon, and apparent digestibility compared to feeding a commercial diet (C), and 
to compare different methods of estimating nutrient excretion from laying hens in 
environmental chambers. At each age, 640 hens were allocated randomly to one of eight 
environmental chambers for a 3-wk period. The C diet contained 18.0, 17.0, and 16.2% CP 
and 0.25, 0.20, and 0.20% Sulfur and the R diet contained 17.0, 15.5, and 15.6% CP and 
0.99, 1.20, and 1.10% Sulfur in trials 1, 2, and 3, respectively. Average daily egg weight 
(56.3 g), average daily egg production (81%), average daily feed intake (92.4 g) and BW 
change (23.5 g), across ages, were unaffected by diet (P > 0.05). In trials 1, 2, and 3, daily 
NH3 emissions from hens fed the R diet (185.5, 312.2, and 333.5 mg/bird) were less than 
emissions from hens fed the C diet (255.0, 560.5, and 616.3 mg/bird; P < 0.01). Daily H2S 
emissions across trials from hens fed the R diet (4.08 mg/bird) were greater (P < 0.01) than 
from hens fed the C diet (1.32 mg/bird). Diet (P < 0.05) and age (P < 0.05) affected 
emissions of C02 and CH4. Averaged across diets the apparent digestibility of N was 53.4%. 
Apparent digestibility of S and P were lower (P < 0.05) in the R diet (18.7 and -11.41%, 
respectively) than in the C diet (40.71 and 0.30%, respectively). Across all ages and diets 
recovery of N, S, and P were 69, 63, and 102 %, respectively, using the environmental 
chambers method. These results demonstrate that diet and layer age influence air emissions 
from poultry feeding operations and the chamber method could be used as an effective 
vi 
method to estimate nutrient excretion for comparing different measurements and feeding 
strategies. 
Key words: laying hens, air emissions, diet, ammonia, hydrogen sulfide 
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CHAPTER 1. GENERAL INTRODUCTION 
THESIS ORGANIZATION 
This thesis is organized as an introduction to the research and related literature review 
followed by a brief description of the hypothesis for developing this research and its 
objectives. Manuscripts for submission to Poultry Science follow the literature review and 
introduction of research. Following the manuscripts is a general conclusion section. 
INTRODUCTION 
Excreta from concentrated poultry feeding operations have been associated with 
diminished air quality (Behra et al., 1989, Pearson and Stewart, 1993). It is documented that 
gaseous emissions from laying hen operations can have potential negative impacts on the 
environment, and on human and bird health (Drummon et al., 1980; Donham et al., 1982, 
ApSimon et al., 1987). Gases of specific interest to the U.S. Environmental Protection 
Agency and state regulatory agencies include ammonia (NH3), hydrogen sulfide (H2S), 
nitrogen oxides (NO, N02), sulfur oxides (S02), nitrous oxide (N20), and volatile organic 
compounds (VOC), however, the main challenges are establishing current emission levels 
and determining the best methodologies for measuring these accurately (Powers et al., 2004). 
Gaseous emissions occur at all stages of manure management: from livestock housing, 
during manure storage, and following manure application to land (Webb et al., 2005). The 
majority of gaseous losses from laying hen manure likely occur while the litter or manure 
remains stored in the houses (Moore, 1998). Dietary inputs and animal age have a significant 
impact on the amount of emissions and the chemical form of emitted gases from poultry 
housing. Generally, application of engineering strategies directly to the waste appears to be 
more effective in reducing gaseous emissions. However, adjusting feed contents, digestibility 
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and using feed additives may possibly lead to a low-cost and easily implemented mitigation. 
Numerous studies have been conducted using dietary strategies to reduce gaseous emissions 
such as: (1) reduced levels of crude protein (CP) supplemented with essential synthetic 
amino acids (Kerr and Easter, 1995; Hayes et al., 2004); (2) acidifying feed additives 
(Misselbrook et al., 1998; Kim et al., 2004; Hale, 2005;); and (3) adding zeolites (Airoldi et 
al., 1993; Cabuk, et al, 2004). Feeding diets formulated to reduce excess crude protein 
(Elwinger and Svensson, 1996) reduced nitrogen excreted resulting in lower ammonia 
emissions. Acidogenic materials reduce manure pH resulting in the protonation of NH3 to 
ammonium which is less volatile (McCrory and Hobbs, 2001). Gypsum (calcium sulfate) is 
one of the acidogenic compounds that has been tested and can also serve to partially replace 
limestone as a calcium source without reducing laying hen performance in laying hen diets 
(Keshavarz, 1991). Zeolite has been shown to be a beneficial feed additive that exhibits a 
strong preference for binding nitrogenous cations like ammonium resulting in lower NH3 
concentration (Nakaue and Koelliker, 1981). A study conducted by Hale (2005) showed that 
using a reduced protein diet in combination with acidogenic materials, such as gypsum and 
nitrogenous binding compounds, like zeolite, decreased NH3 concentration (as measured in 
vitro) from laying hen excreta. However, the effectiveness of feeding such a diet on all 
gaseous emissions, egg production, and apparent nutrient digestibility in vivo, has not been 
reported. Much research has been conducted to estimate NH3 emissions from animal 
operations, including use of N balance methods, micrometeorological methods, chamber 
methods, and model methods. Arogo et al. (2001) reported that the N mass balance method 
involves determining the flow of N through the production process (source) and, based on 
this knowledge, estimating how much of the N inputs are lost due to ammonia volatilization. 
3 
The N balance approach involves the accounting of all inputs which include the sources of 
animal feed (concentrations and grain), fresh bedding materials, animal protein (animals 
imported to the facility), atmospherically deposited N, N fixed from the air, and N-containing 
fertilizers (Arogo, 2001). Output sources from a farm include sale of animals, animal 
products, harvested crops, mortalities, surface runoff, and leaching from land-applied manure 
and manure containment structures, and gaseous emissions to the atmosphere. Enclosure 
techniques that typically have controlled airflow rates and turbulent conditions inside the 
chamber and include: wind tunnels (Loubet et al., 1999a and 1999b), convective flux 
chambers (Lim et al., 2003), and dynamic chambers (Aneja et al., 2000). The main 
advantage of chamber methods is in comparing one measurement with another when using 
the same chamber and same conditions. However, chamber methods typically do not 
adequately reflect the variability of climatic conditions and measurement environment may 
not represent actual animal feeding conditions. The objectives of the current study were to 
evaluate the effectiveness of feeding a reduced emission diet (R) containing 6.9% of a 
gypsum-zeolite mixture and slightly reduced crude protein (CP) to 21-, 38-, and 59-wk-old 
Hy-line W36 hens (trials 1, 2, and 3, respectively) on egg production, emissions of NH3, H2S, 
NO, N02, C02, CH4 and non-methane total hydrocarbon (NMTHC), and nutrient 
digestibility in laying hens at 41- and 62- wk of age as compared to feeding a commercial 
diet (C). A second objective was to compare three approaches for estimating nutrient 
excretion: mass calculation (feed nutrients - egg nutrient), use of an indigestible marker 
(AIA marker) with concentration measures, and use of an environmental chamber to capture 
all excretions and emissions (mass measurement with concentration combined with gaseous 
loss measures). 
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CHAPTER 2. LITERATURE REVIEW 
OVERVIEW OF EGG PRODUCTION IN THE U.S. AND IOWA 
Size of industry and products produced 
The egg industry is enjoying increased production as consumers become more educated 
about the nutritive value of eggs and as more eggs are processed (Leeson and Summers, 
2005). Currently the majority of the United States poultry industry is located in the 
southeastern states (United Egg, 2004). According to the data from United Egg Producer's 
website (2006) there are 64 egg producing companies with over 1 million laying hens and 11 
companies with greater than five million laying hens presently in the United States. Of the 
shell eggs produced in the United States in 2001, 30% were further processed (for 
foodservice, manufacturing, retail and export), 58.3% went to retail sales, 11.2% went for 
foodservice use and 0.8% were exported (Iowa Egg Council, 2006). The top markets for 
United States table egg exports are Canada and Hong Kong. Iowa ranks first in egg 
production. In 2004, Iowa's 36 million laying hens from 80 egg producers produced 
approximately 11.6 billion eggs per year (Iowa Egg Council, 2006). In 1997, the value of 
poultry production exceeded $21.6 billion in the United States; with much of the poultry 
output generated in large facilities with confinement capacities in excess of 100,000 birds 
(USD A, 1998). 
Housing and manure handling systems 
Laying hens or layers, as they are commonly called, are sexually mature female 
chickens maintained for the production of eggs which are sold as table eggs or used in the 
production of liquid, frozen, or dehydrated eggs (USDA, 2000). Laying hens used for shell 
egg production are normally confined in cages. This allows automatic feed distribution as 
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well as egg collection. Most facilities for laying hens are mechanically ventilated to remove 
moisture and carbon dioxide produced by respiration of the birds (USD A, 2000). 
Both one and two story (high-rise houses) buildings are used to house laying hens. 
Eighty to ninety percent of the laying hens in Iowa are housed in high-rise type facilities 
(Yang et al., 2001). In high-rise house buildings, accumulated manure is removed annually 
during the period between flocks. As this same time the house is cleaned and disinfected in 
preparation for new birds; however, manure is sometimes stored for two or possibly three 
years (USDA, 2000). 
GAS EMISSIONS FROM LAYING HEN OPERATIONS 
Overview of gases emission from poultry production 
Gases of specific interest to the U.S. Environmental Protection Agency and state 
regulatory agencies include ammonia (NH3), hydrogen sulfide (H2S), nitrogen oxides, sulfur 
oxides, nitrous oxide, and volatile organic compounds but the main challenges are 
establishing current emission levels and determining best methodologies for measuring these 
accurately (Powers et al., 2004). Gaseous emissions occur at all stages of manure 
management: from livestock housing, during manure storage, and following manure 
application to land (Webb et al., 2005). Powers et al. (2004) also reported on extensive work 
that is being conducted on dietary strategies to reduce nitrogenous excretions from poultry 
but the impact of these on air emissions is not always defined. 
Microbial Activity and Gaseous Emissions 
Gaseous emissions from laying hens are the by-products of the microbial 
decomposition of manure including excreta and other organic matters that are mixed with 
excreta such as feathers, waste feed, and wash water (EPA, 2005). The amount and type of 
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emission is dependent on the nature of the microbial activity (Singh, 2001). Microbes are 
sensitive to moisture content, temperature, pH, oxygen concentration, and other 
environmental parameters (Knudsen et al., 1991; Jensen and Jorgensen, 1994). 
Ammonia 
Ammonia is a colorless, irritant gas produced by the microbial activity including 
anaerobic microorganisms and aerobic microorganisms breaking down the nitrogenous 
fraction of animal wastes (Carlile, 1984; Zhang et al., 1991). 
Concern and regulations 
Ammonia emissions into the atmosphere are a problem mainly because of (1) nutrient 
deposition in nutrient sensitive ecosystems, (2) formation of light-scattering aerosols 
resulting in haze and visibility and impairment, and (3) formation of reparable aerosol 
particles, which are a health concern (Arogo et al., 2003). The Emergency Planning and 
Community Right-to-Know Act (EPCRA) and the Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA) reporting requirement allow daily emissions of 
100 lb of both NH3 and H2S from poultry farms which could possibly limit the number of 
birds or require better management to decrease emissions in order to the avoid reporting 
requirement. 
Bird and human health impacts 
High NH3 concentrations in animal houses could cause reduced production and chronic 
health problems in both animals and humans (Drummon et al., 1980; Donham et al., 1982). 
Anderson et al. (1964) reported that poultry can display a variety of disorders when exposed 
for extended periods to levels as low as 20 ppm. Ammonia also has an negative effect on egg 
production and egg quality (Carlile, 1984). Kristensen and Watches (2000) suggested that 
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ammonia exposure causes irritation to mucous membranes in the eyes and the respiratory 
system, can increase the susceptibility to respiratory diseases, and may affect feed intake, 
feed conversion efficiency and growth rate. 
Ecosystem impacts 
Livestock waste was the dominant source of NH3, with long-term trends showing a 
50% increase in ammonia volatilization from 1950 to 1980 in Europe (ApSimon et al., 1987). 
ApSimon et al. (1987) also indicated that atmospheric NH3 played an important role in the 
production of acid rain. Logsdon (1989) showed that the NH3 generated by animal manure, 
especially by poultry manure, is linked to acid rain formation and that NH3 that comes down 
with rain is converted to nitrate in the soil. Ammonia raises the pH of rainwater (Pearson and 
Stewart, 1993) which allows more sulfur dioxide (S02) to dissolve, leading to the formation 
of ammonium sulfate, which can oxidize in the soil and release nitric and sulfuric acids 
(Behra et al., 1989). Nitrogen (N) deposited via wet fallout has been shown to triple over a 
25-yr period and correlate to increasing N losses from agriculture, as well as increased nitrate 
concentrations in streams (Schroder, 1985). In addition to the environmental concerns, the 
volatilization of N reduces the fertilizer value of manure. More than $80 million of fertilizer 
value is lost in the United States, annually, because of N volatilization from manures (Mackie 
et al., 1998). 
Estimates of ammonia emissions 
Much research has been conducted to estimate NH3 emissions from animal operations, 
including use of N balance methods, micrometeorological methods, chamber methods, and 
model methods (Arogo, 2003). Arogo (2003) reported that the N mass balance method 
involves determining the flow of N through the production process (source) and, based on 
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this knowledge, estimating how much of the N inputs are lost due to ammonia volatilization. 
They also pointed out that the N balance approach involves the accounting of all inputs 
which include the sources of animal feed (concentrations and grain), fresh bedding materials, 
animal protein (animals imported to the facility), atmospherically deposited N, N fixed from 
the air, N-containing fertilizers. Outputs sources from a farm include sale of animals, animal 
products, harvested crops, mortalities, surface runoff, and leaching from land-applied manure 
and manure containment structures, and gaseous emissions to the atmosphere. Normally 
NH3 emissions are calculated as the net difference between inputs and outputs considered in 
the flow of N through a given production facility, such as buildings (Koerkamp et al., 1998) 
and storage and treatment structures (Muck et al., 1984). Nitrogen mass balance is 
manageable for small sources or laboratory measurements but more difficult to apply to a 
large source or an entire animal production system. 
Micrometeorological methods for determining NH3 flux which is calculated by 
measuring ammonia concentration, wind speed, and sometimes temperature at multiple 
height above the source. Those methods are usually preferred because they do not disrupt the 
emitting source or its environment (Businger and Oncley, 1990; Harper et al., 2000; 
Denmead et al. 1998; Arogo, 2003). 
Enclosure techniques typically have controlled airflow rates and turbulent conditions 
inside the chamber and include: wind tunnels (Loubet et al., 1999a and 1999b), convective 
flux chambers (Lim et al., 2003), and dynamic chambers (Aneja et al., 2000). The main 
advantage of chamber methods is in comparing one measurement with another when using 
the same chamber and same conditions. However, chamber methods typically do not 
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adequately reflect climatic conditions. The measurement environment may not represent 
actual animal feeding conditions. 
Models are particularly useful for estimating NH3 emission from physical locations that 
are not amenable to direct measurements because of site characteristics (physical limitations) 
and/or cost (Arogo, 2003). Models including process-based, regression, and dispersion are 
also more flexible than direct measurements because they can be applied to small-scale 
sources (covering a few meters to a few kilometers) or large scales such as entire 
geographical or economic regions, or even countries (Buijsman et al., 1998). 
Ammonia emissions from poultry excreta 
Ammonia emissions result from aerobic and anaerobic bacterial fermentation of nitrogen 
in manure (Zhang et al., 1991). Unlike mammals, birds secrete waste or excess nitrogen as 
uric acid rather than as urea. Koerkamp (1998) demonstrated that degradation of uric acid 
occurs mainly by anaerobic microorganisms while aerobic processes are also possible; 
however, anaerobic processes generally are much slower than aerobic processes. Sims and 
Wolf (1994) indicated that more than 50% of the total N in poultry manure may be lost via 
ammonia volatilization. Hartung (1990) reported that 37% of all N losses are from the 
manure and that it seemed important to remove manure and urine as soon as possible because 
fresh urine in the manure is a considerable source of ammonia as result of fecal urease 
activity. Yang et al. (2000) found that nitrogen loss from the stored manure varied from 25 
to 41% of the nitrogen intake of the hens and the losses resulted in different concentrations in 
the stored hen manure. Moore (1998) stated that because uric acid conversion to ammonia 
occurs quickly, the majority of NH3 loss from broiler litter and laying hen manure probably 
occurs when the litter or manure is still in the houses. 
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Ammonia emissions from laying hen houses 
At each stage of manure management, total ammoniacal-nitrogen (TAN) may be lost, 
and the remainder passed to the next stage. Hence, measures to reduce ammonia emissions 
at the various stages of manure management are interdependent, and cumulative reductions 
by combinations of measures is not simply additive (Webb et al., 2005). 
Heber et al. (2004) measured ammonia emissions from a high-rise modern egg laying 
house using a chemiluminescence method along with multi-point extractive gas sampling and 
found that the average daily means of NH3 concentrations were 2.4, 16.1, and 43.3 mg m"3 
for inlet, cage, and exhaust air, respectively, and the netNH3 emission rate was 387=1=25 kg/d 
or 509=1=33 g/d/500 kg live mass (approximately equal to 1.57=1=0.10 g/d/hen). Liang et al. 
(2005) reported an annual average NH3 emission rate of 0.87=1=0.29 g/d/hen for the high-rise 
houses laying hen houses, 0.094=1=0.062 g/d/hen for the manure-belt (MB) laying hen houses 
with semiweekly ( twice per week) manure removal, and 0.054=1=0.026 g/d/hen for the MB 
houses with daily manure removal. 
Ammonia emissions from poultry houses 
Ammonia emission rates from poultry houses have been reported by several authors. 
Tablet. Ammonia emission rates from poultry houses. (Arogo et al., 2006) 
Poultry House NH3 Emission Rate, Reference 
Type System g h_1-500 kg live weight" l 
Broiler litter 9.2 Wathes et al., 1997 
Layers battery cage/deep pit 9.2 Wathes et al., 1997 
Layers perchery/deep pit 9.2 Wathes et al., 1997 
Layers perchery 8.0-10.0 Phillips et al., 1995 
Layers battery cage 7.0-12.3 Phillips et al., 1995 
Broiler litter 8.5-9.3 Phillips et al., 1995 
Broiler litter 2.2-8.3 Koerkamp et al., 1998 
Layers battery cage 0.6-9.3 Koerkamp et al., 1998 
Layers perchery/litter 7.3-10.9 Koerkamp et al., 1998 
Layers liquid manure 4.4 Hartung and Phillips, 1994 
Layers litter 2.0 Hartung and Phillips, 1994 
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Hydrogen Sulfide 
Hydrogen sulfide (H2S) is colorless, heavier than air, highly soluble in water and has 
the characteristic odor of rotten eggs at low concentrations. Hydrogen sulfide is formed in 
laying buildings by bacterial sulfate reduction and the decomposition of sulfur-containing 
organic compounds in manure and broken eggs under anaerobic conditions (Arogo et al., 
2006). The concentration of organic sulfur in the manure depends on the feed composition 
and animal metabolism (Arogo et al., 2006). 
Regulations 
Hydrogen sulfide is a highly toxic and malodorous gas. The federal Occupational 
Safety and Health Agency (OSHA) has implemented a 10 ppm limit for indoor 8-hour H2S 
exposures to protect human worker health (ACGIH, 1992). Hydrogen sulfide can be 
detected at very low concentrations (30 ppb) by over 80% of the population (Schiffman et al., 
2002). 
Animal and human health impacts 
Animals exposed to sub-lethal doses of H2S may become more susceptible to 
pneumonia and respiratory diseases following exposure (Lillie, 1970). There is evidence that 
long-term exposure to a concentration of 300 ppm of H2S in the air has caused human death 
(Pomeroy, 1976) and that concentrations exceeding 2000 ppm can be fatal to humans after 
even a few minutes of exposure. Currently, there is only circumstantial evidence relating 
emission of H2S at the concentrations typically come from livestock and poultry operations 
to human health (Bicudo et al., 2002). 
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Hydrogen sulfide emission from livestock housing 
A systematic quantification of H2S emission from laying hen houses has not been 
reported in the literature. However, H2S emission rates from several other livestock 
production systems have been reported by several authors (Table 2). 
Table 2. Hydrogen sulfide emissions rate from livestock production systems. 
Animal House System H2S Emission Rate, Reference 
Type mg h'^SOO kg live weight"1 
Broilers Litter 2208-8294 Groot Koerkamp et al., 1998 
Turkeys Litter 0.098-1.276 David et al., 1998 
Swine finish Slats 2076-2592 Groot Koerkamp et al., 1998 
Dairy Free-stall 843-1769 Groot Koerkamp et al., 1998 
Dairy Free-stall 0.027-2.919 David et al., 1998 
Methane 
Methane (CH4) along with nitrous oxide (N20) and carbon dioxide (C02) are the 
primary green house gas produced by agriculture (Phetteplace et al., 2001). Microbes in the 
rumen of ruminant animals produce CH4 as a byproduct of anaerobic fermentation of feed. 
Of domestic livestock production systems, the beef cow-calf sector is the largest contributor 
of enteric CH4 to the atmosphere (RLEP, 1998). Methane production is positively affected 
by the growth rate of different types of methanogenic bacteria, a long-term effect, and by the 
speed of CH4 formation in a liquid, which is a thermodynamic process (Sharpe and Harper, 
1999). 
Methane is the primary contributor to global warming among the anthropogenic gases 
(U.S. EPA, 1999). Methane has a Global Warming Potential (GWP) of 21 C02 equivalents 
(IPCC, 1996). 
Groot KoerKamp et al. (1998) reported that CH4 emission was 0.03 kg/year/kg live 
weight from laying hens housed in cages as well as free range hens. 
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Volatile organic compound emissions 
Non-methane volatile organic compounds are becoming an increasing topic of 
investigation because of their effect on air quality. 
Non-methane volatile organic compounds comprise a wide range of chemicals that 
promote the formation of atmospheric oxidants (e.g. ozone and peroxyacetyl nitrate), 
contributing to the greenhouse effect (Grenfelt and Scholdager, 1984). Non-methane volatile 
organic compounds also make a significant contribution to ozone formation in rural areas 
(Hough and Derwent, 1990). 
Dimethyl sulfides dominated emissions from laying hen manure (753±263 g'day 1 
using a 40 m2 emission chamber; Hobbs et al., 2004). 
AIR EMISSION MITIGATION APPROACHES 
Ammonia 
Factors affecting ammonia emissions 
Ammonia volatilization increases with an increase of pH, moisture content, ammonia 
concentration, or temperature (Reddy et al., 1979). The dominant form of inorganic N in 
manure is ammonium, which is converted to ammonia as pH increases (Moore, 1998). As 
pH increases, the ammonia to ammonium ratio increases, resulting in increased volatilization 
rates. Both Reece et al. (1979) and Moore et al. (1997) found that ammonia volatilization 
from poultry litter dramatically increases once the pH rises above 7.0. Research has 
demonstrated that ammonia volatilization is reduced by acidification in other species. 
Husted (1991) showed that the total alkalinity is an important factor regulating the potential 
ammonia loss from cattle slurry. Addition of HC1 or CaCl2 resulted in a reduction of the 
potential ammonia loss to 0 and 5% of the untreated loss, respectively. 
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Manure moisture content is highly related to the ammonia volatilization. Moisture in 
layer manure, which tends to decrease with storage time, is an important factor in N retention 
of the manure (Chepete et al., 2004). The height of manure pile has been shown to be 
inversely related to the moisture content of poultry manure (Yang, 2000) 
Ammonia volatilization is also temperature dependent. Surbrook et al. (1971) reported 
that N losses of up to 25% would result during high temperature drying of manure. Poultry 
housing systems that provide low temperature storage of manure are recommended to reduce 
the volatile nitrogen losses from egg-laying enterprises (Pratt et al., 2002). Pratt et al. (2002) 
found that there is a linear loss of nitrogen from the manure over an 18-week storage period. 
This loss represented approximately 60% of the initial nitrogen present in the manure. The 
rate of nitrogen loss increased non-linearly with increasing storage temperature. 
Approaches to reducing ammonia emissions 
There are three major ways to reduce ammonia volatilization during storage: (1) 
manipulating animal feeding strategies (Gatel and Grosjean, 1992; Kerr and Easter, 1995; 
Hayes et al., 2004; Panetta et al., 2005); (2) using feed or manure additives (McCrory and 
Hobbs, 2001); and (3) covering manure stores (Phillips et al., 1999). Phillips et al., (1999) 
concluded that the best management abatement approaches for livestock buildings were: (a) 
dietary manipulation, (b) oil application to the top of laying hen manure; (c) acidification for 
slurry-based swine operations and (d) drying by ventilation of manure (for any poultry 
building). 
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Engineering (post-excretion) strategies to control ammonia emissions 
Oil application to manure 
Derikx and Aarnink (1993) investigated the laboratory-scale effect of liquid top layers 
on the emission of ammonia. Vessels contained 2 kg of slurry, with a floating layer of 
different types of mineral and vegetable oils. A 90-95% reduction of ammonia emission was 
achieved compared to an untreated control depending on the type of liquid used. 
Drying manure 
For laying hen houses equipped with manure belts, drying of the manure can be 
accelerated by directing an air flow across the manure on the belt (Philips et al., 1999). 
Keener et al. (2002) showed an advantage of belt/composting over conventional deep-pit 
systems, with N retention in compost of 0.559 kg/ bird /yr versus 0.265 kg/ bird / yr in deep-
pit manure. 
Acidifying manure additives 
Reduction of NH3 volatilization has been shown to be possible, particularly with 
acidifying and adsorbent additives, and potential exists to develop further practical and cost-
effective additives. The pH of livestock slurry controls the equilibrium between NH3 and 
NH4+ in solution. Molly and Tunney (1983) found that NH3 volatilization effectively stopped 
at pH 5.0 for pig slurry and at pH 4.0 for cattle slurry. The effectiveness of an acidifying 
additive is determined by its capacity to neutralize the alkaline nature of the livestock slurry 
(Husted et al., 1991). Several types of acidifying additives have been investigated in manure 
storage and they can be divided into three groups: acids, base precipitating salts, and 
substrates that induce acid production (McCrory and Hobbs, 2001). Various acids have 
proven to be consistently effective, such as sulfuric acid (Pain et al., 1990), hydrochloric acid 
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(Husted et al., 1991). Chloride and nitrate salts of magnesium and calcium are the more 
common base precipitating salts while other soluble magnesium or calcium salts have also 
been used effectiveness (Witter, 1991). Numerous researchers have performed reduction in 
pH followed by reduced NH3 volatilization from livestock slurry or manure using base 
precipitating salts (Al-Kanani et al., 1992; O'Halloran and Sigrest, 1993). 
Adsorbent additives 
A variety of additives adsorb NH3, NH4+, or both. The most commonly used are 
zeolites. Zeolites has been investigated as both a poultry feed and waste additive. The 
ammonia and ammonium absorption properties of zeolites have been reported in detail by 
Bernai and Lopez-Real (1993), who suggest that aerial ammonia, is adsorbed at a rate of 
between 6 and 14 g/kgof zeolite. Nakaue et al. (1981) evaluated zeolites as a broiler-litter 
additive. Results showed that an application rate of 5 kgm"2 to broiler litter could reduce 
aerial NH3 concentrations by up to 35%. These findings are in agreement with several other 
researchers, who have reported reductions in NH3 emissions from livestock wastes using 
zeolites directly on litter (Witter and Kirchmann, 1989; Miner et al., 1997). Miner et al. 
(1997) found that the application of 1 to 4% (w/v) finely ground zeolite to dairy slurry, 
immediately before spreading through a sprinkler system, reduced NH3 emission rates by up 
to 60%. 
Uricase inhibitors 
Kim and Patterson (2003) demonstrated that Zn and Cu greatly blocked the activity of 
microbial uricase , the first step in the production of NH3 gas in poultry manure, and that 3 g 
and 6 g ZnS04 mixed with 600 g poultry manure significantly increased manure uric acid 
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and total nitrogen retention by reducing NH3 volatilization approximately 15 and 26%, 
respectively, during the 3-wk incubation. 
Nutritional (pre-excretion) strategies to control ammonia emissions 
Reduced dietary protein 
Most of the nitrogen in manure originates from protein, and to a lesser extent free 
amino acids and non-protein nitrogen. Matching protein intake to that required for 
production targets reduces N excretion. Surplus protein-N is mainly excreted in the form of 
urea or uric acid in poultry (Elwinger and Svensson, 1996), the major source of NH3 
emissions. Manipulation of swine diets has been shown to be effective at decreasing N 
excretion of pigs when feeding diets that contain reduced levels of protein supplemented with 
essential synthetic amino acids (Gatel and Grosjean, 1992; Kerr and Easter, 1995; Hayes et 
al., 2004; Panetta et al., 2006). 
Addition of synthetic amino acids 
Protein intake can be further reduced by optimizing the essential amino acid content 
through addition of synthetic amino acids to feeds in order to reduce total protein intake (Kay 
and Lee, 1997). While reduction of protein intake through the use of the two amino acids 
lysine and methionine can be achieved at moderate cost, the use of other synthetic amino 
acids to give greater reductions can lead to a considerable increase in feed costs (Webb et al., 
2005). 
Acidifying feed additives 
Misselbrook et al. (1998) and Kim et al. (2004) reported that feeding strategies may 
also reduce pH, further reducing the potential for NH3 emissions. Hale (2005) reported that 
using gypsum as a substitute for a portion of the limestone in laying hens diets reduced pH of 
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the manure from about 8.3 to a slightly acidic pH (<7 SU) level with a concurrent 15% 
reduction in ammonia emissions from manure. Kim et al. (2004) found that an acidogenic 
Ca and P source (CaS04-H3P04) in swine diets could decrease the urinary pH and reduce 
NH3 emission by 30 % from swine facilities. 
Adsorbent additives 
Nakaue et al. (1981) evaluated zeolites as a broiler-litter additive and then as a broiler-
feed additive. Results showed that an incorporation of 10% zeolites into the feed of birds 
throughout their lifetime reduced aerial NH3 concentrations by up to 8%. These findings are 
in agreement with several other researchers administering zeolites through the feed (Airoldi 
et al., 1993; Cabuk et al., 2004). 
Uricase inhibitors 
Inhibition of microbial uricase in poultry manure is critical to reduce NH3 
volatilization, because hydrolysis of uric acid by microbial uricase is the first step in the 
production of NH3 gas in poultry manure (Kim and Patterson, 2003). Kim and Patterson 
(2003) showed that room ammonia levels were significantly reduced by 16% when hens 
were fed the 1000 ppm Zn supplement diet (ZnS04) and the supplement had no adverse 
effects on hen body weight, feed consumption, egg production, egg weight, albumen height, 
or shell thickness. 
Hydrogen sulfide 
Factors affecting hydrogen sulfide emissions 
Xue (1998) concluded that when the total sulfide content of waste is measured, the 
types of compounds taken into account include sulfides in solution as sulfide ions (S2~), as 
hydrogen-sulfide ions (HS ), and as H2S. When molecular hydrogen sulfide dissolves in 
19 
water, the H2S dissociates in accordance with reversible ionization reactions (Xue, 1998). 
An increase in the hydrogen ion concentration results in a greater proportion of undissociated 
H2S, although some H2S still dissociates. Of the sulfide present as S2 , HS , and H2S, the 
proportion of molecular H2S in waste increases when the pH decreases. A reduction in pH 
from pH 7.0 to 6.0 results in the proportion of molecular hydrogen sulfide being doubled. 
Increasing the temperature also affects molecular H2S; a 1°C increase has the same effect as 
increasing the pH by 0.15 units (Thistlethwayte, 1972). 
Engineering (post-excretion) strategies to control hydrogen sulfide emissions 
Reducing H2S emissions from manure slurry could be accomplished through agitating 
the slurry by very low-level bubbling of air, the intent not being to oxidize the volatile 
compounds in the slurry, but to promote their gradual release at rates throughout the storage 
period resulting in a much smaller volume of H2S in the slurry (Clark et al., 2005). 
Nutritional (pre-excretion) strategies to control hydrogen sulfide emissions 
Because feed is ultimately the major source of manure S, one method of mitigating 
manure H2S emissions is to reduce dietary S. This can be accomplished by reducing excess 
nutrients, selecting low-S ingredients, or including additives that improve digestive efficiency 
or alter the microflora in the large intestine (Clark et al., 2005). Whitney et al. (1999) found 
that a mean reduction of 23% in the S concentration of the feed of nursery pigs during a 5-wk 
period tended to reduce H2S emissions from the stored manure. Shurson et al. (1998) 
reported S reduction from pigs by 30%, without affecting their growth, by selecting low-S 
feed ingredients. 
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Methane 
Factors affecting methane emissions 
In animals (both ruminants and monogastrics), plant carbohydrates are broken down by 
bacteria to soluble products and methane is one of the by-products, with a specific 
characteristic of poor solubility in water (Monteny et al., 2001). It is generally recognized 
that CH4 production in animals depends on the animal type and size, feed intake, and the 
digestibility of the feed (Wilkerson et al., 1994). 
In addition to production from the animal, CH4 is also produced from anaerobic 
digestion of slurry stored indoor and outside. Anaerobic digestion proceeds via hydrolysis of 
(hemi-) cellulose, which is the limiting step, acidogenesis, acetogenesis and, finally, 
methanogenesis (Monteny et al., 2001). Temperature, retention time, slurry composition and 
the presence of inhibiting compounds are the most important factors affecting CH4 emissions 
(Zeeman, 1991). 
Approaches to reducing methane emissions 
There are several mitigations to reduce CH4 emissions: (1) cooling of stored manure (2) 
filtration of the ventilation air (3) controlled anaerobic digestion in a storage facility (4) feed 
adjustment (5) acidification of slurry and (6) aeration of the slurry (Willers et al., 1996; 
Misselbrook et al.,1998; Hilhorst et al., 2001). 
Engineering (post-excretion) strategies to control CH4 emissions 
The measured emission reduction for CH4 was between 30% utilizing a commercial 
cooling system consisting of cooling elements floating on the slurry surface in pig farm 
(Hilhorst et al., 2001). Methane production is a strictly anaerobic process. Oxygen will 
inhibit methane production and therefore emission (Willers et al., 1996). 
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Nutritional (pre-excretion) strategies to control CH4 emissions 
Numerous researchers have been able to reduce methane emission, even up to 50%, by 
adjusting feed constituents and using additives in ruminant animals (Hilhorst et al., 2001). 
Misselbrook et al. (1998) demonstrated that slurry from pigs fed a reduced CP diet had a higher 
dry material (DM) content and lower pH and VF A content with a similar total C content 
compared with slurry from pigs fed a standard commercial diet. They also concluded that 
methane emissions were better related to VF A content than to total C content with less methane 
emitted from the slurry from pigs fed the lower CP diet. Kim et al. (2004) found that 
acidogenic Ca and P source (CaS04-H3P04) in swine diets could decrease the urinary pH and 
reduce CH4 emission by 14% from swine facilities. 
Summary of current approaches and effectiveness 
Generally, application of engineering strategies directly to the manure appears to be 
more effective in reducing gaseous emissions. However, adjusting feed contents, digestibility 
and using feed additives may possibly lead to a low-cost and easily implemented emissions 
mitigation emission-reduction option. There are three methods to reduce ammonia from 
livestock buildings through dietary strategies: (1) reduced levels of crude protein (CP) 
supplemented with essential synthetic amino acids (Gatel and Grosjean, 1992; Kerr and 
Easter, 1995; Hayes et al, 2004); (2) acidifying feed additives (Hale, 2005); and (3) adding 
zeolites (Nakuae et al, 1981; Airoldi et al, 1993; Cabuk et al., 2004). 
HYPOTHESIS 
Feeding diets formulated to reduce excess crude protein inputs (Elwinger et al, 1996) 
help to reduce nitrogen (N) excreted resulting in lower ammonia (NH3) emissions. 
Acidifying materials reduce manure pH resulting in the protonation of NH3 to ammonium 
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which is less volatile (McCrory and Hobbs, 2001). Gypsum (calcium sulfate) is one of the 
acidogenic compounds that has been tested and can serve as a partial replacement for 
limestone as a calcium (Ca) source without reducing hen performance in laying hen diets 
(Keshavarz, 1991). Zeolite has been shown to be a beneficial feed additive that exhibits a 
strong preference for binding nitrogenous cations like ammonium resulting in lower NH3 
concentration (Nakaue and Koelliker, 1981). Feeding a reduced CP diet combined with 
acidifying materials (gypsum) and zeolite should reduce ammonia emissions from laying hen 
houses. 
OBJECTIVES 
The objectives of the current study were to evaluate the effectiveness of feeding a 
reduced emissions diet (R) containing 6.9% of a gypsum-zeolite mixture which replaced 35% 
of the limestone, and slightly reduced CP to laying hens of different ages on egg production 
and emission of NH3, H2S, CH4, and non-methane total hydrocarbon (NMTHC) as compared 
to feeding a commercial diet (C). 
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CHAPTER 3. EFFECT OF AN ACIDIFYING DIET COMBINED WITH ZEOLITE 
AND SLIGHT PROTEIN REDUCTION ON AIR EMISSIONS FROM LAYING HENS OF 
DIFFERENT AGES 
ABSTRACT The objectives of the current study were to evaluate the effectiveness of 
feeding a reduced emission diet (R) containing 6.9% of a gypsum-zeolite mixture and 
slightly reduced crude protein (CP) to 21-, 38-, and 59- wk old Hy-line W36 hens (trials 1, 2, 
and 3, respectively) on egg production and emissions of NH3, H2S, NO, N02, C02, CH4 and 
non-methane total hydrocarbon (NMTHC) as compared to feeding a commercial diet (C). At 
each age, 640 hens (BW = 1.36, 1.47, and 1.52 kg in trials 1, 2, and 3, respectively) were 
randomly allocated to eight environmental chambers for a 3-wk period. On an analyzed 
basis, the C diet contained 18.0, 17.0, and 16.2% CP and 0.25, 0.20, and 0.20% S in trials 1, 
2, and 3 and the R diet contained 17.0, 15.5, and 15.6% CP and 0.99, 1.20, and 1.10% S in 
trials 1, 2, and 3. Diets were formulated to contain similar calcium and phosphorus contents. 
Average daily egg weight (ADEW; 56.3 g), average daily egg production (ADEP; 81%), 
average daily feed intake (ADFI; 92.4 g) and BW change (BWC; 23.5 g), across ages, were 
unaffected by diet (P > 0.05). Age effects were observed for all performance variables (P < 
0.05). Age affected NH3 emissions (P < 0.05). In trials 1, 2, and 3, daily NH3 emissions 
from hens fed the R diets (185.5, 312.2, and 333.5 mg/bird) were less than those of hens fed 
the C diet (255.0, 560.5, and 616.3 mg/bird; P < 0.01). Daily emissions of H2S across trials 
from hens fed the R diet were 4.08 mg/bird compared to 1.32 mg/bird from hens fed the C 
diet (P < 0.01). Diet (P < 0.05) and age (P < 0.05) affected emissions of C02 and CH4. A 
diet effect (P < 0.01) on NO emissions was observed. No diet or age effects (P > 0.05) were 
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observed for N02 or NHTHC. Results demonstrate that diet and layer age influence air 
emissions from poultry feeding operations. 
Key words: hens, air emissions, diet, ammonia, hydrogen sulfide 
INTRODUCTION 
It is documented that gaseous emissions from laying hen feeding operations can have 
potential negative impacts on the environment, and on human and bird health. These 
emissions have been shown to be reduced through diet formulation. Feeding diets 
formulated to reduce excess crude protein (Elwinger et al., 1996) reduced nitrogen (N) 
excreted resulting in lower ammonia (NH3) emissions. Acidogenic materials reduce manure 
pH resulting in the protonation of NH3 to ammonium which is less volatile (McCrory and 
Hobbs, 2001). Gypsum (calcium sulfate) is one of the acidogenic compounds that has been 
tested and can also serve to partially replace limestone as a calcium (Ca) source without 
reducing laying hen performance in laying hen diets (Keshavarz, 1991). Zeolite has been 
shown to be a beneficial feed additive that exhibits a strong preference for binding 
nitrogenous cations like ammonium resulting in lower NH3 concentration (Nakaue and 
Koelliker, 1981). A study conducted by Hale (2005) showed that using a reduced protein 
diet in combination with acidogenic materials, such as gypsum and nitrogenous binding 
compounds, like zeolite, decreased NH3 concentration (as measured in vitro) from laying hen 
excreta. However, the effectiveness of feeding such a diet on all gaseous emissions, in vivo, 
has not been reported. The objectives of the current study were to evaluate the effectiveness 
of feeding a reduced emissions diet (R) containing 6.9% of a gypsum-zeolite mixture which 
replaced 35% of the limestone and slightly reduced protein to laying hens of different ages 
on hen performance and emission of ammonia (NH3), hydrogen sulfide (H2S), nitric oxide 
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(NO), nitrogen dioxide (N02), carbon dioxide(C02), methane (CH4) and non-methane total 
hydrocarbon (NMTHC) as compared to feeding a commercial diet (C). 
MATERIALS AND METHODS 
Experimental Animals and Design 
The study consisted of three trials utilizing Hy-line W36 hens, starting at 21 (Trial 1), 38 
(Trial 2) and 59 wk (Trial 3) of age. During each experimental age, laying hens were fed for 
a three-wk period. All hens were obtained from high-rise laying hen houses (Rose Acres 
Farms, Stuart, IA) within hours of the research location. Laying hens were moved to the 
research location 5 d prior to start of the experiment. 
The experiment was designed with two treatments. During each experimental phase, a 
total of 640 hens (initial BW = 1.36, 1.47, and 1.52 kg in trials 1, 2, and 3, respectively) were 
allocated randomly to one of eight chambers (indirect calorimeters) which were built to allow 
for continuous monitoring of livestock emissions from livestock. In each chamber, 80 birds 
were divided between four two-cage units (10 birds/cage, 355 cm2 cage space/ bird). Diets 
were assigned randomly to each of the eight chambers (four chambers per diet) with the 
chamber constituting the experimental unit. 
Diets and Management 
All diets were formulated to meet NRC (1994) nutrient requirements for laying hens. 
Feed (approximately 95, 97, and 99 g/hen/day, in trial 1, 2, and 3, respectively) was offered 
twice daily (6:00 am and 4:00 pm) and feed intake (FI) was recorded weekly on a two-cage 
unit basis (20 birds per unit). Samples of diets were retained weekly for determination of 
nutrient content. Compositions of experimental diets are shown in Table 1. 
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Temperatures in all chambers were maintained at 22 ± 2 °C. The humidity ranged from 20% 
to 80%. Light (10-20 lux) was provided from 0600 h to 1800 h for 21-wk old birds, 0600 h to 
2200 h for the 38-wk old and 59-wk old birds. The light program was managed to meet that 
of the commercial farm and the recommendations of the Hy-line W36 commercial Guide 
(Hy-line W36 Commercial Management Guide 2003-2005, Hy-line international, West Des 
Moines, IA). Hens were provided ad libitum access to water via nipples and to feed. 
Animal Measures 
Hens were weighed at the beginning and end of each age period. Body weight change 
(BWC) within each chamber was calculated by subtracting the average chamber BW at the 
beginning of each trial from the average chamber BW at the end of each trial. Daily feed 
intake of each chamber (ADFI) was calculated based on that week's total feed consumption 
and dividing by seven days and number of birds. Eggs were collected daily from each two-
cage unit and egg weight and number were recorded daily. Average daily egg weights 
(ADEW), average daily egg production (ADEP), ADFI, and BWC over the study period 
were calculated at end of each trial. 
Measurements of Gaseous Concentrations 
Eight chambers (H 2.14 m x W 3.97 m x L 2.59 m) were designed to continuously 
measure incoming and exhaust concentrations of NH3, H2S, NO, N02, C02, CH4, and 
NMTHC. Ammonia and nitrogen oxides were measured using a chemiluminescence 
ammonia analyzer (Model 17 C, Thermal Environmental Instruments, Franklin, MA) which 
is a combination NH3 converter and N0-N02-N0x analyzer. Hydrogen sulfide and sulfur 
oxides were analyzed using pulsed fluorescence S02-H2S Analyzer (TEI Model 45C, 
Franklin, MA). Carbon dioxide was monitored using the BINOS 100 2M dual gas detector 
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(Rosemount Analytical, Orrville, OH). Methane and NMTHC were measured by flame 
ionization detector (Model 210, VIG Industries, Inc., Anaheim, California.). Through 
software control, gaseous concentration monitoring of each chamber occured in sequential 
fashions, beginning first with incoming air for 20 minutes, then through each of the eight 
chambers' exhaust airs for 15 min, with all gases measured simultaneously within a sample 
stream. Airflow rates into and out of each chamber were measured accurately using orifice 
plates, calibrated for each chamber under specific ranges of conditions. Cumulative NH3, 
H2S, NO, N02, C02, CH4, and NMTHC emissions from each chamber were calculated daily 
by averaging all recordings for that day (10-11 daily observation per chamber). Based on 
light periods, day-time and night-time emission were determined. The average daily gaseous 
emissions in each chamber were expressed as emission rate (ER; mg/min), cumulative total 
mass (mg), day-time mass (mg), night-mass (mg), mg /kg body weight (mg/kg BW), mg/g 
egg mass, mg/kg feed intake (mg/kg FI), and mg per hen. 
Statistical Analysis 
Performance data were analyzed using a GLM procedure and emissions data were 
analyzed using a MIXED procedure of SAS (SAS Institute, 1990). For ADEW, ADEP, 
ADFI, BWC variables, the model included the fixed effects of chamber and diet (C and R 
diets), the interaction between chamber and diet, and the random effect of date. For 
emissions data, the model tested the fixed effects of diet, age, and the interaction of diet and 
age on emission. Day was treated as a random variable. Significant differences among the 
means were declared at P < 0.05. 
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RESULTS AND DISCUSSION 
Hen Performance 
The effects of feeding an acidified diet combined with zeolite and slightly reduced 
protein on ADEW, ADEP, and ADFI are presented in Table 2. Across ages, the ADEW 
(56.3 g), ADEP (81.0%), ADFI (92.4 g/hen/day), and BWC (23.5 g/hen) of hens fed the R 
diet were not different from hens fed the C diet. 
Age affected ADEW (51.9, 58.9, and 58.lg), ADEP (86.7, 87.1, and 73.7 %), ADFI 
(86.8, 89.2, and 94.6 g) and BWC (65.2, 17.3, and -9.7 g) at 21-24, 38-41, and 59-62 wk of 
age, respectively. Egg weights in the 59 and 38-wk hens' age were greater than that of 21-
wk age hens. Egg production of 59-wk old hens was less as compared to that of the 21- or 
38-wk hen. The greatest feed consumption was in 38-wk old hens. BW increased the most 
in 21 wk of hens, followed by the 38 wk old hens, while 59 wk old hens lost weight. 
The performance of birds on both the C and R diets at the three ages tested met the 
standards of Hy-line W36 laying hens, as defined by Hy-line International Handbook, and 
were similar to Keshavarz (2003) published reports ADEW (51.5, 56.2, and 59.7 g), ADEP 
(81.2, 73.9, and 69.3 %), and ADFI (91.1, 91.5, and 96.0 g) at 20-35, 36-51, and 52-63 wk of 
age. 
Ammonia Emissions 
Across ages, the R diet reduced daily mass of NH3 emitted by 39% mg per hen (Table 
3). Daily emissions from hens fed the R diet (185.5, 312.2, and 333.5 mg/ hen) were 
significantly lower than hens fed the C diet (255.1, 560.6, and 616.3 mg/ hen) at 21, 38, and 
59-wk trials, respectively. Feeding the R diet decreased the daily emission rate of ammonia 
emitted from all three age groups (16.3 vs. 26.9 mg/min). The R diet also reduced the 
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cumulative NH3 emission mass during the three ages studied by 39% (22,628 compared to 
37,269 mg/min). Daily emission adjusted for total live weight from hens fed the R diet 
(203.4 mg/kg BW) was less than from hens fed C diet (334.1 mg/kg BW). Daily NH3 
emission adjusted for total egg mass (5.9 g/g egg mass) was decreased 40% by feeding the R 
diet compared to the C diet (9.8 g/g egg mass). Feeding the R diet also reduced daily NH3 
emission adjusted for average daily group feed intake by 39% (3,048 mg/kg FI) compared to 
the control diet (4,997 mg/kg FI). 
An age effect was observed for the emission of NH3 from laying hens. The reduction in 
NH3 emission, when comparing the R to the C diet, was greater for hens in the 38-wk (402.1 
mg/hen) and 59-wk (447.5 mg/ hen) age groups for hens in the 21-wk (277.0 mg/ hen) age 
group. 
Ammonia emissions result from aerobic and anaerobic bacterial fermentation of 
nitrogen in manure (Zhang et al. 1991). Ammonia volatilization increases as a result of 
increasing pH. The dominant form of inorganic N in manure is ammonium which is 
converted to NH3 as pH increases (Yang, 2000). As pH increases, the NH3 to ammonium 
ratio increases, resulting in an increased volatilization rates. Molly and Tunney (1983) found 
that NH3 volatilization stopped effectively at pH 5.0 for pig slurry and at pH 4.0 for cattle 
slurry. Reece et al. (1979) and Moore et al. (1997) reported that NH3 volatilization from 
poultry litter dramatically increases when the pH rises above 7.0. Several types of acidifying 
waste additives have been investigated (McCrory and Hobbs, 2001). Gypsum (CaS04) is 
one of the acidogenic compounds that has been tested as a dietary amendment and can serve 
as a partial replacement for limestone (CaC03) as a calcium source in laying hen diets 
without reducing hen performance (Keshavarz, 1991). Hale (2005) reported that using 
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gypsum as a substitute for a portion of the limestone in laying hens diets reduced pH of the 
manure from about 8.3 standard units (SU) to a slightly acidic pH (<7 SU) level with a 
concurrent 15% reduction in ammonia emissions from manure. Kim et al. (2004) found that 
an acidogenic Ca and P source (CaS04-H3P04) in swine diets could decrease the urinary pH 
and reduce NH3 emission by 30% from swine facilities. The current study utilized a diet that 
contained acidogenic materials and the diet reduced ammonia emissions. 
Zeolites are naturally occurring alumino silicate minerals with high cation exchange 
capacities and have been investigated as both feed and waste additives (McCrory and Hobbs, 
2001). Nakaue et al. (1981) evaluated zeolites first as broiler-feed additive and found that in 
incorporation of 10% clinoptilolite (one type of zeolites) to the feed of the birds throughout 
their lifetime reduced aerial ammonia concentration by up to 8%. These findings are in 
agreement with several other researchers that supplemented zeolites in the feed (Airoldi et 
al., 1993; Cabuk et al., 2004). In the current study, zeolite may exhibit a strong preference 
for binding ammonium resulting in lower NH3 concentration. 
Most of the N in manure originates from protein in the diet. Matching protein intake in 
feed to that required for production targets resulting in reducing N excretion. As protein/N 
concentrations in the diet are reduced, there are associated declines in nitrogen intake and 
nitrogen excretion (Summers, 1993). However, in the current study the decrease in protein 
content of the R diets was small and, alone may not have resulted in a significant reduction of 
ammonia emissions. 
Heber et al. (2004) measured a high-rise modern egg laying house using a 
chemiluminescence method along with multi-point extractive gas sampling and found that 
the average daily means of NH3 concentrations were 2.4, 16.1, and 43.3 mg/m3 for inlet, 
39 
cage, and exhaust air, respectively, and the net NH3 emission rate was 387±25 kg/d or 
1.57±0.10 g/d per hen. Liang et al. (2005) reported an annual average NH3 emission rate of 
0.87±0.29 g/d per hen for the high-rise houses laying hen houses, 0.094±0.062 g/d per hen 
for the manure-belt (MB) laying hen houses with semiweekly manure removal, and 
0.054=1=0.026 g/d per hen for the MB houses with daily manure removal. In the current study, 
ammonia emissions were determined using a chamber method over a three week period. 
Average ammonia emission was 0.47=1= 0.03 g/d per hen when feeding a commercial diet, 
which was lower than the valued reported by Liang et al. (2005) for high-rise houses but 
greater than reported values for houses employing a manure-belt. This demonstrates that 
allowing manure to accumulate may lead to more ammonia emission from the hen houses. 
Hydrogen Sulfide Emissions 
Daily H2S emissions from hens fed the R diet (1.6, 7.1, and 3.7 mg per hen) were 
greater than from hens fed the C diet (0.5, 1.9, and 0.8 mg per hen) at 21-wk, 38-wk and 59-
wk of age, respectively (Table 4). Feeding the R diet also increased the cumulative H2S 
emission mass three fold across all three age groups (322.8 vs. 104.9 mg). Daily H2S 
emission adjusted for total live weight of hens, fed the R diet (2.9 mg/kg BW) was more than 
that from hens fed the C diet (0.9 mg/kg BW). Daily H2S emission, adjusted for total egg 
mass (0.08 mg/g egg mass) was increased 2.7 times by feeding the R diet compared to the C 
diet (0.03 mg/g egg mass). Feeding the R diet also increased daily H2S emission when 
adjusted for average daily group feed intake (43.1 mg/kg FI) compared to the control diet 
(14.0 mg/kg FI). 
Hydrogen sulfide is formed by bacterial sulfate reduction and the decomposition of 
sulfur-containing organic compounds in manure and broken eggs under anaerobic conditions 
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(Arogo et al., 2000). Arogo et al. (2000) concluded the concentration of organic sulfur in the 
manure depends on the feed composition and animal metabolism. Whitney et al. (1999) 
found that a mean reduction of 23% in the S concentration of the feed of nursery pigs during 
a 5-wk period tended to reduce H2S emissions from the stored manure, although this 
tendency was not significant. Shurson et al. (1998) reported that S excretion was reduced by 
30%, by selecting low-S feed ingredients, without affecting pig growth. In the current study 
gypsum (CaS04), a sulfur containing compound, was added to the diet as an acidifying agent. 
This additional dietary sulfur combined with the acidifying affect of the gypsum likely 
caused the increased hydrogen sulfide production. Because feed is ultimately the major 
source of manure S, one method of mitigating manure H2S emissions is to reduce dietary S. 
This can be done by reducing excess nutrients, selecting low-S ingredients, or including 
additives that improve digestive efficiency or alter the microflora in the large intestine (Clark 
et al., 2005). 
In addition, a reduction in pH from pH 7.0 to 6.0 has been shown to result in the 
proportion of molecular hydrogen sulfide being doubled (Xue, 1998). Because the 
proportion of molecular hydrogen sulfide in waste increases when the pH decreases, the 
acidifying agent causes the pH to decrease resulting in greater hydrogen sulfide being 
emitted. Hale (2005) reported that using gypsum as a substitute for a portion of the 
limestone in laying hens diets reduced pH of the manure from about 8.3 standard units (SU) 
to a slightly acidic pH (<7 SU) level. Manure pH was not measured in the current study. 
Methane Emissions 
Across ages, feeding the R diet reduced daily CH4 emission by 17% mg per hen (Table 
5). Daily emissions from hens fed the R diet (66.4 mg per hen) were lower than hens fed the 
41 
C diet (80.2 mg per hen). Across ages, the R diet decreased the daily emission rate of CH4 
emitted (3.8 and 4.6 mg/min for R and C diet). The R diet also reduced the cumulative CH4 
emission mass (5272 vs. 6394 mg). Daily emission adjusted for total live weight of hens 
housed in each chamber from hens fed the R diet (47.1 mg/kg BW) was less than CH4 
emissions from hens fed the C diet (57.1 mg/kg BW). Daily CH4 emission adjusted for total 
egg mass was decreased by feeding the R diet (1.5 g/g egg mass) compared to the C diet (1.9 
g/g egg mass). Feeding the R diet also reduced daily CH4 emission adjusted for average 
daily group feed intake (754.2 mg/kg FI) compared to the control diet (901.8 mg/kg FI). 
Twenty-one-wk hens produced greater emission of CH4 than did 38-and 59-wk old hens 
when CH4 emission are expressed on per bird, per kg group live weight, per g egg mass, and 
per kg daily group feed intake basis. 
Methane along with nitrous oxide (N20) and carbon dioxide (C02) are the primary 
green house gaseous produced by agriculture (Phetteplace et al., 2001). Groot Koerkamp et 
al. (1998) reported that CH4 emission was 0.03 kg/year/kg BW from laying hen housed in 
cages or free range hens. In animals (both ruminants and monogastrics), plant carbohydrates 
are broken down by bacteria to soluble products and methane is one of the by-products, with 
a specific characteristic of poor solubility in water (Monteny et al., 2001). Methane is also 
produced from anaerobic digestion of slurry stored indoor and outside. Anaerobic digestion 
proceeds via hydrolysis of (hemi-) cellulose, which is the limiting step, acidogenesis, 
acetogenesis and, finally, methanogenesis (Monteny et al., 2001). Acidifying manure is one 
mitigation strategy to reduce CH4 emissions (Hilhorst et al., 2001). Misselbrook et al. (1998) 
demonstrated that slurry from pigs fed a reduced CP diet had a higher DM content and lower 
pH and VF A content with a similar total C content compared with slurry from pigs fed a 
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standard commercial diet. Misselbrook et al. also concluded that methane emissions were 
better related to VF A content than to total C content with less methane emitted from the 
slurry from pigs fed the lower CP diet. Hilhorst et al. (2001) concluded that CH4 production 
has its optimum at pH 7. The CH4emission halved at pH 6.5 and pH 8.3. Kim et al., (2004) 
found that acidogenic Ca and P source (CaS04-H3P04) in swine diets could decrease the 
urinary pH and reduce CH4 emission by 14% from swine facilities. In the current study, it 
could be that excreta from hens fed the acidifying diet produced less VF A which caused 
lower methane emissions by 17% mghen"1 compared with excreta from hens fed the control 
diet. 
C02 Emissions 
Daily C02 emissions from hens fed the R diet during three week period (74,548 mg 
per hen) were lower than from hens fed the C diet (78,432 mg per hen; Table 6). Daily 
emission adjusted for total live weight chamber from hens fed the R diet (53,013 mg/kg BW) 
was less than daily C02 emissions from hens fed C diet (55,900 mg/kg BW). Daily C02 
emission adjusted for total egg mass (1,579.4 g/g egg mass) was decreased by feeding the R 
diet compared to the C diet (1,698.5 g/g egg mass). Feeding the R diet also reduced daily 
C02 emission adjusted for average daily group feed intake (801,068 mg/kg FI) compared to 
the control diet (847,068 mg/kg FI). 
Keshavarz (1991) demonstrated that dietary acid-base balance plays an important role 
on hen performance. It has been shown that high dietary levels of acidogenic anions such as 
CaS04 altered blood acid-base balance (Keshavarz, 1991) and could affect respiration rate 
resulting in more C02 production in order to maintain normal pH. In the current study, 
gypsum (CaS04) was added to the diet as an acidifying agent which may change the cation-
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anion balance of diet. However, the reduction in C02 emissions from hens fed the R diet 
contradicts the idea that feeding gypsum would increase respiration rate and therefore result 
in greater C02 production in an attempt to maintain normal pH. 
NO, NO2, and Non-methane Total Hydrocarbon Emissions 
Daily NO emissions from hens fed the R diet (0.2 mg per hen) were less than NO 
emissions from hens fed the C diet (0.4 mg per hen; Table 7). No diet or age effects on 
emissions of N02 (Table 8) and NMTHC (Table 9) were observed in the current study. 
CONCLUSIONS 
In summary, this study suggested that diet and layer age influence air emissions from 
laying hen feeding operations. It is effective to reduce emissions of ammonia and methane 
from laying hen houses through dietary mitigation of feeding a reduced CP diet combination 
of acidifying feed additive (CaS04) and adsorbent additives (Zeolite). However, additional 
dietary sulfur combined with the acidifying effect of the CaS04 likely caused the increased 
hydrogen sulfide production. Further research is needed to find a more proper acidifying 
feed additive. 
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Table 1. Composition (as fed-basis) of the reduced emission diet (R) and the control diet (C) fed 
to 21, 38 and 59 old laying hens. 
C diet R diet 
Laying hen age, wk 21 38 59 21 38 59 
Ingredient, % 
Corn 52.31 54.68 59.93 47.26 49.53 53.52 
Soybean meal (48% CP) 30.07 27.09 23.16 29.67 26.65 23.74 
Soy oil 5.16 4.90 3.73 7.19 6.97 6.00 
Salt 0.41 0.41 0.41 0.41 0.41 0.41 
DL-methionine 0.20 0.16 0.09 0.22 0.18 0.11 
L-Lysine HC1 0.00 0.00 0.00 0.00 0.03 0.00 
Limestone 9.72 9.91 10.11 6.32 6.44 6.57 
Dicalcium phospate 1.78 1.50 1.22 1.78 1.50 1.22 
Gypsum & zeolite mix 1 0.00 0.00 0.00 6.80 6.94 7.08 
Vitamin mineral premix 1 0.35 0.35 0.35 0.35 0.35 0.35 
Celite 0.00 1.00 1.00 0.00 1.00 1.00 
Nutrient composition (calculated) 
ME, kcal/kg 2948 2948 2930 2930 2904 2904 
Protein, % 18.30 17.80 17.00 16.50 15.80 15.30 
Ca,% 4.20 4.20 4.20 4.20 4.20 4.20 
nPP, % 0.46 0.46 0.40 0.40 0.40 0.40 
Met, % 0.48 0.49 0.43 0.44 0.35 0.35 
Lys, % 1.02 0.99 0.93 0.93 0.83 0.83 
TSAA,% 0.69 0.68 0.62 0.61 0.56 0.54 
Analyzed composition, g per 100 g of sample 
CP 18.0 17.0 17.0 15.5 16.2 15.6 
S 0.25 0.99 0.20 1.18 0.18 1.10 
Met 0.45 0.49 0.39 0.43 0.36 0.38 
Lys 1.16 1.12 1.06 1.09 1.00 1.03 
1 Vitamin mineral premix provided the following (per kg of diet): vitamin A, 12.3 IU; vitamin D, 
4.6 IU; vitamin E, 15.4 IU; vitamin K, 3.1 mg; riboflavin, 6.2 mg; pantothenic acid, 15.4 mg; 
niacin, 46.3 mg; menadione sodium bisulfate complex, 1.0 mg; choline chloride, 463.1 mg; folic 
acid, 0.3 mg; vitamin Bi2, 23.1 pg; zinc oxide, 71.4 mg; ferrous sulfate, 50.4 mg; manganese 
oxide, 89.6 mg; copper sulfate, 7 mg; ethylene diamine dihydroiodide, 0.7 mg; sodium selenite, 
0.42 mg. 
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Table 2. Egg weight, egg production, feed intake, and BW change data from laying hens fed 
a control (C) or reduced emission (R) diet at 21-, 38-, and 59- wk of age. 
Diet Average 
Ggg 
mass 
(g) 
Egg 
production 
(%) 
Total 
Ggg 
mass 
(g) 
Feed 
intake 
(g/hen/d) 
BW 
change 
(g/hen) 
Feed 
efficiency 
(g Ggg/g 
feed) 
Age(wk) 
21-24 C 52.0 84.8 3533.9 87.0 70.6 0.51 
R 51.9 88.4 3658.8 86.7 60.1 0.53 
38-41 C 58.7 83.3 4079.6 95.8 24.9 0.53 
R 59.2 83.4 4063.7 95.4 9.6 0.54 
59-62 C 58.2 71.9 3515.8 93.5 -25.9 0.47 
R 57.9 74.3 3611.4 95.9 2.0 0.47 
Main effects 
Diet 
C 56.3 80.0 3709.8 92.1 23.2 0.51 
R 56.3 82.0 3778.0 92.7 23.9 0.51 
Age 
21-24 51.9* 86.6* 3596.3* 86.8* 65.4* 0.52* 
38-41 58.9^ 83.3^ 4071.6b 95.6^ 17.3^ 0.54^ 
59-62 58.1^ 73.1' 3563.6* 94.7^ -12.0' 0.47" 
SEM 7.696 13.231 405.0 2.264 14.977 0.056 
Probabilities 
Diet 0.483 0.274 0.133 0.497 0.065 0.113 
Age <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Chamber 0.100 0.863 0.328 0.008 <0.001 0.196 
Diet x Age 0.914 0.515 0.288 <0.001 <0.001 0.346 
' Means within a column with different superscripts differ significantly (P < 0.05). 
Table 3. Average daily ammonia emissions during three weeks period from laying hens of different ages fed the reduced emission diet (R) and the 
commercial diet (C) 
Diet Concentration ER1 Total Mass Daytime Nighttime EF2 EF2 EF2 EF2 
(ppm) (mg/min) (mg) Mass 
(mg) 
Mass 
(mg) 
(mg/kg BW) (mg/gegg 
mass) 
(mg/kg feed 
intake) 
(mg/bird) 
Age (wk) 
21-24 wk 
C 2.8" 14.4b 20,384*" 10,934" 9,449" 183.0" 5.6" 2,947" 255.1" 
R 2.0* 10.5* 14,721* 8,090* 6,633* 132.7* 4.0* 2,131* 185.5* 
38-41 wk 
C 3.4d 32.3^ 44,582^ 30,275^ 14,300d 379.4^ 10.8d 5,876^ 560.6^ 
R 2.2° 17.8° 24,570° 16,640° 7,936° 210.6° 6.1° 3,235° 312.2° 
59-62 wk 
C 4.1f 35.3^ 49,062^ 32,377^ 16,666f 461.5f 13.5f 6,503^ 616.3^ 
R 2.5° 19.0e 26,521° 18,193° 8,307° 248.5° 7.3° 3,504° 333.5° 
Main effect 
Diet 
C 3.3 26.9 37,269 24,085 13,182 334.1 9.8 4,997 468.2 
R 2.3 16.3 22,628 14,704 7,912 203.4 5.9 3,048 286.2 
Age 
21-24 2.5 15.98 22,165» 11,807» 10,402 201.98 5.6» 2,927» 277.0» 
38-41 2.8 23.lh 31,753S" 21,725" 10,008 269.98" 8.0»" 4,290" 402.1" 
59-62 3.2 25.6" 35,563" 24,217" 11,304 333.2" 9.9" 4,796" 447.5" 
SEM 0.3 2.5 3,507 1,723 1,275 31.6 0.9 1,410 43.9 
Probabilities 
Diet <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Age 0.08 <0.01 <0.01 <0.01 0.50 0.02 <0.01 0.02 0.03 
Diet x Age 0.73 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
ER= Emission rate by chamber. 
2EF=Emission fractions. 
abMeans of 21-wk old hens within column lacking common superscript differ (P < 0.05). 
cdMeans of 38-wk old hens within column lacking common superscript differ (P < 0.05). 
ef Means of 59-wk old hens within column lacking common superscript differ (P < 0.05). 
gl
" Main effect age means within column lacking common superscript differ (P < 0.05). 
Table 4. Average daily hydrogen sulfide emissions during three weeks period from laying hens of different ages fed the reduced emission diet (R) and the 
commercial diet (C). 
Diet Concentration ER1 Total Mass Daytime Nighttime EF2 EF2 EF2 EF2 
(ppm) (mg/min) (mg) Mass Mass (mg/kg BW) (mg/gegg (mg/kg feed (mg/bird) 
(mg) (mg) mass) intake) 
Age (wk) 
21-24 wk 
C 
R 
38-41 wk 
C 
R 
59-62 wk 
C 
R 
Main effect 
Diet 
C 
R 
Age 
21-24 
38-41 
59-62 
SEM 
Statistic Probabilities 
Diet 
Age 
Diet x Age 
1 ER= Emission rate by chamber. 
2 EF=Emission fractions. 
abMeans of 21-wk old hens within column lacking common superscript differ (P < 0.05). 
cdMeans of 38-wk old hens within column lacking common superscript differ (P < 0.05). 
ef Means of 59-wk old hens within column lacking common superscript differ (P < 0.05). 
gl
" Main effect age means within column lacking common superscript differ (P < 0.05). 
0.005* 0.03* 36.1* 
0.012" 0.09" 127.5" 
0.003° 0.11e 153.5e 
0.011d 0.41d 560. ld 
0.004e 0.04e 63.9e 
0.010f 0.21f 296.0f 
0.004 0.08 104.9 
0.010 0.23 322.8 
0.008 0.06» 80.5» 
0.007 0.26' 350.9' 
0.007 0.13" 181.7" 
0.001 0.02 27.2 
<0.01 <0.01 <0.01 
0.58 <0.01 <0.01 
<0.01 <0.01 <0.01 
19.68* 16.47* 0.32* 
74.19" 54.10" 1.15b 
102.46e 50.70e 1.31e 
379.22^ 181.15^ 4.79 ^  
42.45e 21.31e 0.60e 
202.31^ 93.45^ 2.77^ 
68.33 36.13 0.92 
215.11 106.72 2.85 
46.97* 33.7* 0.71 
235.51' 115.3" 3.00 
123.69" 58.1* 1.70 
19.25 9.4 0.24 
<0.01 <0.01 <0.01 
<0.01 <0.01 0.07 
<0.01 <0.01 <0.01 
0.01* 5.24* 0.45* 
0.04b 18.47b 1.6 lb 
0.01° 20.26° 1.93° 
0.14^ 73.76^ 7.09^ 
0.02° 8.38° 0.80° 
0.08^ 39.02^ 3.72^ 
0.03 13.98 1.32 
0.08 43.10 4.08 
0.02* 10.60 1.01 
0.09' 46.76 4.44 
0.05" 24.45 2.28 
0.01 3.57 0.341 
<0.01 <0.01 <0.01 
0.01 0.09 0.10 
<0.01 <0.01 <0.01 
Table 5. Average daily methane emissions during three weeks period from laying hens of different ages fed the reduced emission diet (R) and the commercial 
diet (C). 
Diet Concentration ER1 Total Daytime Nighttime EF2 EF2 EF2 EF2 
(ppm) (mg/min) Mass Mass Mass (mg/kg (mg/gegg (mg/kg feed (mg/bird) 
(mg) (mg) (mg) BW) mass) intake) 
Age (wk) 
21-24 wk 
C 7.6" 8.7" 12,243" 6,477" 5,746" 110.1b 3.6" l,774b 153.lb 
R 7.4a 7.8* 10,997* 6,083* 4,917a 99.1* 3.2* 1,589* 138.5* 
38-41 wk 
C 2.2^ 2.5^ 3,475 d 2,024 1,534^ 29.6^ 0.9^ 455^ 43.8^ 
R 2.10 1.6° 2,222° 1,527 874° 19.0° 0.5° 291° 28.2° 
59-62 wk 
C 0.9 0.6 877 682 609^ 8.2 0.3 117 11.0 
R 0.9 0.5 753 709 338° 7.0 0.2 104 9.4 
Main effect 
Diet 
C 4.0 4.6 6,393.6 3,689.3 3,218.1 57.1 1.9 901.8 80.2 
R 3.9 3.8 5,271.9 3,244.8 2,555.0 47.1 1.5 754.2 66.4 
Age 
21-24 7.5" 8.615" 12,128" 6,638" 5,567" 108.9" 3.54" 1,706* 152.4" 
38-41 2.2* 1.980* 2,727* 1,890* 1,103* 23.4* 0.71* 390" 34.4* 
59-62 0.8* 0.184* 232* 196* 366* 2.4* 0.08* 60" 2.6* 
SEM 0.6 0.850 1,579 769 725 10.8 0.36 172 15.2 
Probabilities 
Diet 0.42 <0.01 <0.01 0.08 <0.01 <0.01 <0.01 <0.01 <0.01 
Age <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Diet x Age <0.01 0.43 0.40 0.53 0.69 0.38 0.29 0.48 0.31 
ER= Emission rate by chamber. 
2 EF=Emission fractions. 
ab Means of 21-wk old hens within column lacking common superscript differ (P < 0.05). 
cdMeans of 38-wk old hens within column lacking common superscript differ (P < 0.05). 
ef Means of 59-wk old hens within column lacking common superscript differ (P < 0.05). 
gl
" Main effect age means within column lacking common superscript differ (P < 0.05). 
Table 6. Average daily C02 emissions during three weeks period from laying hens of different ages fed the reduced emission diet (R) and the commercial diet 
(C). 
Diet Concentration ER1 Total Mass Daytime Nighttime EF2 EF2 EF2 EF2 
(ppm) (mg/min) (mg) Mass Mass (mg/kg BW) (mg/gegg (mg/kg feed (mg/bird) 
(mg) (mg) mass) intake) 
Age (wk) 
21-24 wk 
C 961.1 3,724" 5,246,253 2,616,362 2,629,372" 47,135 1,491" 758,558 65,627 
R 957.6 3,643* 5,130,088 2,650,746 2,479,870* 46,241 1,431* 742,117 64,626 
38-41 wk 
C 595.3 4,923^ 6,866,608d 4,640,955^ 2,223,156 58,386^ 1,674^ 907,017^ 86,243d 
R 594.1 4,525° 6,299,303° 4,250,126° 2,051,674 53,900° 1,569° 831,400° 79,799° 
59-62 wk 
C 611.8 4,752^ 6,590,608 4,524,260 2,045,844 61,958 1,880 873,191 82,694 
R 611.9 4,595° 6,398,861 4,474,282 1,945,628 59,894 1,818 847,965 80,335 
Main effect 
Diet 
C 713.0 4,485 6,250,730 3,928,860 2,326,206 55,900 1,699 847,068 78,432 
R 712.8 4,239 5,909,277 3,767,964 2,153,311 53,013 1,579 801,068 74,548 
Age 
21-24 944.8" 3,825* 5,374,780* 2,741,645* 2,625,043" 48,691* 1,438* 724,455* 67,302* 
38-41 599.8* 4,618" 6,414,139" 4,311,953" 2,107,350* 54,783" 1,629" 871,489" 81,065" 
59-62 616.3* 4,609" 6,408,772" 4,421,121" 1,991,075* 59,880' 1,853' 870,155" 80,493" 
SEM 28.6 92 629,584 503 107,190 1,877 56 28,258 2,663 
Probabilities 
Diet 0.95 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 
Age <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 
Diet x Age <0.01 <0.01 0.02 <0.01 0.83 0.04 0.52 0.02 0.04 
ER= Emission rate by chamber. 
2 EF=Emission fractions. 
ab Means of 21-wk old hens within column lacking common superscript differ (P < 0.05). 
cd Means of 38-wk old hens within column lacking common superscript differ (P < 0.05). 
ef Means of 59-wk old hens within column lacking common superscript differ (P < 0.05). 
ghl Main effect age means within column lacking common superscript differ (P < 0.05). 
Table 7. Average daily NO emissions during three weeks period from laying hens of different ages fed the reduced emission diet (R) and the commercial 
diet (C). 
Diet Concentration 
(ppm) 
ER1 
(mg/min) 
Total Mass 
(mg) 
Daytime 
Mass 
(mg) 
Nighttime 
Mass 
(mg) 
EF2 
(mg/kg BW) 
EF2 
(mg/gegg 
mass) 
EF2 
(mg/kg feed 
intake) 
EF2 
(mg/bird) 
Age (wk) 
21-24 wk 
C 0.1 0.05 74.8 35.2 75.2 0.7 0.020 10.8 0.9 
R 0.1 0.04 56.6 29.8 62.4 0.5 0.020 8.2 0.7 
38-41 wk 
C 0.01c 0.01e 16.1e 10.7e 7.8° 0.1e 0.004e 2.1e 0.2° 
R 0.01d 0.01d 8.8^ 5.2^ 5.6^ 0.1d 0.002^ l.ld 0.1d 
59-62 wk 
C 0.2 0.02 22.4 3.6 19.0 0.2 0.007 3.0 0.3 
R 0.2 0.01 16.6 3.1 11.7 0.2 0.005 2.2 0.2 
Main effect 
Diet 
C 0.1 0.03 35.3 13.7 38.8 0.3 0.010 4.9 0.4 
R 0.1 0.01 18.3 8.2 25.0 0.2 0.004 2.6 0.2 
Age 
21-24 0.10h 0.04" 62.7" 32.9" 65.0" 0.6" 0.010" 8.89" 0.785" 
38-41 0.01* 0.01* 14.9* 9.5* 8.2* 0.1* 0.004* 2.04* 0.189* 
59-62 0.20' 0.01* 18.8* 1.8* 23.7* 0.2* 0.006* 2.50* 0.236* 
SEM 0.01 0.01 11.4 4.8 10.2 0.1 0.004 1.56 0.144 
Probabilities 
Diet 0.30 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Age <0.01 0.12 0.15 <0.01 0.01 0.18 0.26 0.04 0.06 
Diet x Age 0.45 0.76 0.74 0.07 0.96 0.77 0.84 0.70 0.73 
ER= Emission rate by chamber. 
2EF=Emission fractions. 
abMeans of 21-wk old hens within column lacking common superscript differ (P < 0.05). 
cdMeans of 38-wk old hens within column lacking common superscript differ (P < 0.05). 
ef Means of 59-wk old hens within column lacking common superscript differ (P < 0.05). 
gl
" Main effect age means within column lacking common superscript differ (P < 0.05). 
Table 8. Average daily N02 emissions during three weeks period from laying hens of different ages fed the reduced emission diet (R) and the commercial diet 
(C). 
Diet Concentration 
(ppm) 
ER1 
(mg/min) 
Total Mass 
(mg) 
Daytime 
Mass 
(mg) 
Nighttime 
Mass 
(mg) 
EF2 
(mg/kg BW) 
EF2 
(mg/gegg 
mass) 
EF2 
(mg/kg feed 
intake) 
EF2 
(mg/bird) 
Age (wk) 
21-24 wk 
C 0.090 0.07 94.8 42.7 70.9 0.8 0.02 13.6 1.2 
R 0.090 0.06 91.4 56.1 64.6 0.8 0.02 13.2 1.2 
38-41 wk 
C 0.004 0.01 19.1 7.0 13.0 0.2 0.005 2.5 0.2 
R 0.004 0.01 20.9 8.2 13.3 0.2 0.005 2.7 0.3 
59-62 wk 
C 0.040 0.03 43.6 18.7 28.1 0.4 0.01 5.8 106.4 
R 0.040 0.02 34.7 16.5 21.8 0.3 0.01 4.6 103.8 
Main effect 
Diet 
C 0.04 0.03 44.3 21.7 36.5 0.4 0.01 6.1 0.6 
R 0.04 0.03 38.6 21.5 33.0 0.3 0.01 5.2 0.5 
Age 
21-24 0.087' 0.080" 114.lh 45.2' 88.6" 1.0h 0.032" 15.92" 1.43" 
38-41 0.004* 0.012* 17.6* 13.0* 12.9* 0.1* 0.005* 2.39* 0.22* 
59-62 0.040" 0.030* 41.0* 24.3" 25.7* 0.4* 0.013* 5.49* 0.51* 
SEM 0.007 0.012 15.1 5.4 13.8 0.4 0.005 2.09 0.19 
Statistic Probabilities 
Diet 0.41 0.03 0.24 0.93 0.45 0.24 0.06 0.20 0.25 
Age <0.01 0.28 0.25 0.01 0.01 0.32 0.41 0.20 0.25 
Diet x Age 0.01 0.51 0.57 0.06 0.65 0.55 0.60 0.58 0.57 
ER= Emission rate by chamber. 
2 EF=Emission fractions. 
ab Means of 21-wk old hens within column lacking common superscript differ (P < 0.05). 
cdMeans of 38-wk old hens within column lacking common superscript differ (P < 0.05). 
ef Means of 59-wk old hens within column lacking common superscript differ (P < 0.05). 
ghlMain effect age means within column lacking common superscript differ (P < 0.05). 
Table 9. Average daily non-methane total hydrocarbon emissions during three weeks period from laying hens of different ages fed the reduced emission diet 
(R) and the commercial diet (C). 
Diet Concentration 
(ppm) 
ER1 
(mg/min) 
Total 
Mass 
(mg) 
Daytime 
Mass 
(mg) 
Nighttime 
Mass 
(mg) 
EF2 
(mg/kg BW) 
EF2 
(mg/gegg 
mass) 
EF2 
(mg/kg feed 
intake) 
EF2 
(mg/bird) 
Age (wk) 
38-41 
C 1.5 8.5 4,146 11,223 3,094 94.3 2.8 1,464 143.5 
R 1.4 6.8 2,041 9,523 1,666 68.6 2.0 1,055 106.0 
59-62 
C 1.2 1.7 1,268 1,714 187 23.4 0.9 334 32.5 
R 1.2 2.2 1,451 2,747 280 28.9 1.2 414 36.2 
Main effect 
Diet 
C 1.3 4.7 2,323 6,095 1,352 53.2 1.7 813 78.7 
R 1.3 3.4 1,555 5,237 669 40.7 1.4 608 59.8 
Age 
38-41 1.5 7.0 2,950 11,238 2,011 39.8 2.403 595 119.8 ^ 
59-62 1.2 2.0 1,310 1,536 81 79.5 0.659 1,225 34.4 
SEM 0.4 1.2 1,343 2,415 826 41.2 0.684 183 41.3 
Probabilities 
Diet 0.40 0.15 0.45 0.46 0.12 0.22 0.33 0.19 0.19 
Age 0.99 0.09 0.54 0.15 0.18 0.15 0.29 0.12 0.09 
Diet x Age 0.52 0.28 0.30 0.60 0.22 0.35 0.42 0.33 0.30 
ER= Emission rate by chamber. 
2 EF=Emission fractions. 
ab Means of 21-wk old hens within column lacking common superscript differ 
cd Means of 38-wk old hens within column lacking common superscript differ 
(P < 0.05). 
(P < 0.05). 
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CHAPTER 4. EVALUATION OF AN ENVIRONMENTAL CHAMBER ON 
ESTIMATING NUTRIENT EXECRETION FROM LAYING HENS 
ABSTRACT The objectives of the current study were to evaluate the effect of an 
acidifying diet combined with zeolite (R) verse a control diet (C) on nutrient digestibility in 
laying hens at 41- and 62-wk of age and compare three approaches to estimating nutrient 
excretion from hens: mass balance calculation (feed nutrients - egg nutrient), use of an 
indigestible marker (AIA marker) with analyzed nutrient content, and an environmental 
chamber that allowed for capturing all excreted and volatilized nutrients (mass measurement 
with concentration combined with gaseous loss measures). At 41-and 62-wk of age, 640 
hens were allocated, randomly, to eight environmental chambers for a 3-wk period. Fecal 
samples were collected at the end of each trial to estimate apparent digestibility of N, S, P, 
and Ca. No diet or age effects on apparent digestibility of N were observed (53.44%, P > 
0.05). Across ages, apparent digestibility of S, P, and Ca decreased in hens fed R diet (18.7, 
-11.4, and 22.6%, respectively) compared to hens fed C diet (40.7, 0.3, and 28.6%, 
respectively; P < 0.05). Mass of N remaining in excreta following the three-wk period was 
less from hens fed the C diet (1.27 kg) than from hens fed the R diet (1.43 kg). Gaseous 
emissions of NH3 from hens over the three-wk fed the C diet (0.74 kg) were greater than 
emissions from hens fed the R diet (0.45 kg). Total N excretion from hens fed the C and R 
diet was not significant different (1.16 g/hen/day). The three-wk S excretion mass (estimated 
using the mass balance calculation, indigestible marker, and environmental chamber 
methods, respectively) was greater from hens fed R diet (1.85, 1.54, and 1.27 kg, 
respectively) compared to hens fed C diet (0.24, 0.20, and 0.14 kg, respectively). The three-
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wk P excretion was similar between diets (0.68 kg). Results demonstrate that the 
environmental chamber could be used as an effective method to estimate nutrient excretion. 
INTRODUCTION 
It has been reported that a reduced emissions diet containing an acidifying agent 
(gypsum), zeolites, and slightly reduced protein will reduce emissions of ammonia (NH3), 
methane (CH4), and C02 and increase emissions of hydrogen sulfide (H2S) without affecting 
hen performance (Wu et al., 2006). However, it is not clear what effect this diet will have on 
nutrient digestibility and nutrient excretion. Gypsum (CaS04) is an acidogenic compound 
that has been used as a calcium source without reducing hen performance in laying hen diets 
(Keshavarz, 1991). A variety of additives adsorb NH3;NH4+, or both; the most commonly 
used are zeolites which exhibit a strong preference for binding nitrogenous cations such as 
ammonium resulting in lower NH3 concentration in manure (Nakaue and Koelliker, 1981). 
Arogo et al.(2006) reported that the N mass balance method involves determining the flow of 
N through the production process by accounting for inputs including animal feed, fresh 
bedding materials, animal protein, atmospherically deposited N, N fixed from the air, and N-
containing fertilizers. Outputs from a farm include sale of animals, animal products, 
harvested crops, mortalities, surface runoff, and leaching from land-applied manure and 
manure containment structures, and gaseous emissions to the atmosphere. Based on this 
knowledge, estimates of the quantity of N inputs lost due to ammonia volatilization can be 
made. The objective of the current study was to evaluate the effect of an acidifying diet (R) 
combined with zeolite and reduced crude protein on nutrient digestibility in laying hens at 
41- and 62-wk of age and compare three approaches to estimating nutrient excretion from 
hens: mass balance calculation (feed nutrients - egg nutrient), use of an indigestible marker 
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(marker) with analyzed nutrient content of excreta, and an environmental chamber that 
allowed for capturing all excreted and volatilized nutrients (mass measurement with 
concentration combined within gaseous loss measures). 
MATERIALS AND METHODS 
Experimental Design 
Experimental procedures were approved by the Iowa State University Committee for the 
Care and Use of Animals. The study consisted of three trials utilizing Hy-line W36 hens, 
starting at 21- (trial 1), 38- (trial 2), and 59- wk (trial 3) of age. All hens were obtained from 
high-rise laying hen houses (Rose Acres Farms, Stuart, IA); located one hour away from the 
research location. During each experimental phase, a total of 640 hens (initial BW = 1.36, 
1.47, and 1.52 kg in trials 1, 2, and 3; respectively) were allocated randomly to one of eight 
chambers (indirect calorimeters) and fed for a three-wk period (ending age was 24, 41, and 
62 weeks for trial 1, 2, and 3, respectively). In each chamber, 80 birds were divided between 
four two-cage units (10 birds per cage, 355 cm2 cage space per bird). Temperature in all 
chambers was maintained at 22 ± 2 °C. Relative humidity ranged from 20 to 80%. Light 
(10-20 lux) was provided from 0600 to 1800 h for 21-wk old birds, 0600 to 2200 h for the 
38-wk old and 59-wk old birds. The light program was managed to meet that of the 
commercial farm and the recommendations of the Hy-Line W36 Commercial Guide (Hy-line 
W36 Commercial Management Guide 2003-2005, Hy-Line International). 
Diets 
A reduced emission (R) or a control (C) diet was assigned randomly to each of the eight 
chambers (four chambers per diet) with the chamber constituting the experimental unit. The 
R diet was formulated to include a slight protein reduction and a 6.9% combination of 
58 
gypsum (CaS04) and zeolites which partially replaced limestone (35%; Wu et al., 2006). On 
an analyzed basis, the R diet contained about five times more S than did the C diet as a result 
of additional gypsum. The R and C diets contained similar Ca, P, and energy. Both diets 
were formulated to meet or exceed NRC (1994) nutrient requirements and are described by 
Wu et al. (2006). 
Apparent Digestibility of Nitrogen, Sulfur, Calcium, and Phosphorus 
Animal performance measures are reported by Wu et al. (2006). Celite (1%) was added 
to the diets of 38 and 59-wk age hens which worked as an indigestible marker. Twenty-four 
hour fecal samples used for apparent digestibility measures were collected in to two plastic 
pans inserted under two of the four two-cage units (10 hens per cage) in each chamber at the 
end of trial 2 and 3 (41- and 62-wk of age). Two samples were collected from each chamber 
and pooled. The fecal samples were freeze-dried (-80 °C), ground, and packaged in plastic 
bags for storage (22 °C) until analyzed. Diet and fecal nitrogen (N) was determined using 
the Kjeldahl method as established by the Association of Official Analytical Chemists 
(AOAC, 1984). Diet and fecal total P were determined by procedures established by the 
Association of Official Analytical Chemists (AOAC, 1984) using Hach DR/4000 
spectrophotometer (Hach Company; Loveland, Colorado). Sulfur content was determined 
using a Vario Max CNS machine (Elementar Corp.; Mt. Laurel, NJ). Calcium was analyzed 
by the Central Analytical Laboratory at the University of Arkansas (Fayetteville, AR). Acid-
insoluble ash (AIA) was measured using the procedures described by Vogtmann et al. 
(1975). 
Apparent digestibility was calculated as described by (Scott et al., 1976): 
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Apparent digestibility of nutrient = 100 - ((diet AIA/fecal AIA x fecal nutrient 
content/dietary nutrient content) x 100). 
Nutrient Mass Balance Determination 
All excreta produced during each three-wk period accumulated in the chamber. Excreta 
production was measured at the end of each trial. A sub-sample of the excreta was collected 
for compositional analyses. 
All N, S, and P inputs and outputs of the system were calculated. Nutrient inputs 
included the feed. Nutrients outputs included nutrients exported in eggs, manure, and 
gaseous emissions to the atmosphere. Content of N, S, and P in a 60.8 g shell-weight egg 
was estimated at 1 g, 87.6 mg, and 126.1 mg, respectively (Cotterill et al., 1977; Stadelman 
and Pratt, 1989). Laying hens utilized in the current study were mature and body weight 
change was minimal; hence it was ignored. Mortality was 0.7% and ignored in the equation. 
Three methods were used to develop a mass balance of excretions. The calculated amount 
of manure N (MN), manure S (Ms), and manure P (MP) excreted by three ages of hens during 
the three-wk period was calculated: 
Mn, S, P — (Wfeed X Cfeed ) — (WeggS X CeggS ) (1) 
The total weight of feed and eggs are represented as Wfeed and WeggS. Concentration of N, S, 
and P are represented as Cfeed, and CeggS for feed and eggs, respectively. The estimated 
excretions of N (EN), S (Es), and P (EP) by hens during the three-wk periods were calculated 
using an indigestible marker and analyzed nutrient content: 
En, S, P — Wfecai X Cfecal (2) 
The Wfecai represents the estimated total weight of excreta based on measured feed intake as 
well as feed and fecal concentrations of the indigestible marker. The Wfecai is calculated by 
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the following as: Wfecai= (AIAfeed x Wfeed.) / AIAfecai where AIAfeedand AIAfecai represents the 
concentration of indigestible marker in feed and in the 24-hr fecal sample, respectively. 
Concentration of N, S, and P of the 24-hr fecal sample is represented by Cfecai. 
The measured amout of N (TN), S (Ts), and P (TP) excreted by hens during the three-wk 
period were calculated using the chamber method and served as the third method used for 
comparison: 
Tn, S, P manureX Cmanure En,S (3) 
Concentrations of manure N, manure S, and manure P (CmanUre) were analyzed in the manure 
that accumulated in the chamber during the three-wk period. The amount of N and S emitted 
(En,s) to the atmosphere during three weeks was calculated using the amount of ammonia 
(NH3), nitric oxide (NO), nitrogen dioxide (N02), and hydrogen sulfide (H2S) emitted during 
the trial. Detailed emissions data were reported by Wu et al. (2006). 
Statistical Analyses 
Data were analyzed using a GLM procedure of SAS version 8.4 (SAS Institute). The 
model included the fixed effects of diet (C and R diets), age, and the interaction between age 
and diet. Significant differences among the means were declared at P < 0.05. 
RESULTS AND DISCUSSION 
Apparent Digestibility of Nitrogen, Sulfur, Calcium, and Phosphorus 
Apparent digestibility of N is presented in Table 1. Across ages, apparent digestibility of 
N in hens fed the R diet (51.78%) was not different from hens fed the C diet (55.11%). 
Apparent digestibility of N in hens at 41- and 62-wk was 53.41% and 53.48%, respectively. 
No age or diet by age interaction was observed. These results are in agreement with earlier 
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work by Keshavarz and Austic (2004) who reported that apparent digestibility of N was 
48.8% when the diet contained 16.5% protein. The difference in digestibility values 
between Keshavarz and Austic (2004) and the current study could possibly due to ingredients 
utilized in the diets and the method used to determine digestibility. 
Apparent digestibility of S is presented in Table 1. Sulfur digestibility of hens at was 
significantly affected by diet and hen age. Across ages, apparent digestibility of S was 
significantly decreased in hens fed the R diet (18.70%) compared to hens fed the C diet 
(40.71%). Hens at 41-wk (34.71%) had greater apparent digestibility of S than hens at 62-wk 
of age (24.71%). In the current study gypsum (CaS04), a sulfur containing compound, was 
added to the diet as an acidifying agent which led to greater S excretion and likely cause 
lower digestive efficiency. 
Across ages, apparent digestibility of P was lower in hens fed the R diet (-11.41%) than 
hens fed the C diet (0.30%; Table 1). No age affect was observed. The negative digestibility 
is much lower than P digestibilities previously reported (15 % - 40 %; Carlos and Edwards, 
1998; Umand Paik, 1999). The negative digestibility could possibly be due to the relatively 
high concentration of P in the diet (average 0.63%). 
Apparent digestibility of Ca is also presented in Table 1. Across ages, apparent 
digestibility of Ca was significantly reduced in hens fed the R diet (22.6%) compared to hens 
fed the C diet (28.6%). These results are similar to that reported by Jalal and Scheideler 
(2001) who demonstrated a Ca digestibility of 29.3 %. This acidifying diet likely broke the 
acid-base balance of hen's blood system resulting in greater Ca excretion (Keshavarz, 1991) 
and reduced digestive efficiency. 
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Nutrient Mass Balance 
On an analyzed basis, across diet and age the concentration of N, S, and P of the 24-hr 
fecal sample were 4.61, 1.74, and 1.98 % on a DM basis, respectively. Across diet and age 
the concentration of manure N, S, and P that accumulated following the three-wk period were 
3.96, 2.02, and 1.99 % on a DM basis. Chamber mass balance of N data is presented in 
Table 2. Nitrogen intake was greater in hens fed the C diet (4.20 kg) than in hens fed R diet 
(3.98 kg) due to the higher dietary protein concentration of the C diet. The N content of shell 
egg has been previously estimated as 1.7% (Cotterill, 1977; Stadelman and Pratt, 1989). 
Total N content of egg produced by hens through twenty-one days housing period was 
assumed to be similar for hens fed the C and R diets (1.27 kg). Age affected egg production 
(Wu et al., 2006), as a result of this, the N exported in eggs was greater for hens at 41-wk 
(1.38 kg) of age than for hens at 24- (1.22 kg) and 62-wk (1.21 kg) of age. The N content of 
manure after the three-wk accumulation period from hens fed the C diet (1.27 kg) was less 
than from hens fed the R diet (1.43 kg). However, emissions of NH3 from hens fed the C diet 
(0.74 kg) were greater than emissions from hens fed the R diet (0.45 kg). These findings are 
likely the result of the R diet's ability to trap N, via acidification, resulting in less NH3 
volatilization. 
Nitrogen excretion data were estimated using three method: calculation (feed - egg), 
indigestible marker combined with nutrient concentration, and environmental chamber (mass 
measurement with concentration combined within gaseous loss measures) and calculated 
using equation 1, 2, and 3, respectively. The calculated N excretion (equation 1) from hens 
fed the C (2.84 kg) and R (2.70 kg) diet was not significantly different. Estimated N 
excretion (equation 2) determined using 24hr fecal sample from hens fed the C (1.88 kg) and 
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R (1.92 kg) diet was not different. Measured N excretion after the three-wk accumulation 
period (equation 3) from hens fed the C and R diet was also similar (2.01 and 1.89 kg, 
respectively). Because similar apparent digestibility of N was observed from the three 
different methods utilized in the current study, this result indicated that hens fed the C and R 
diet had similar nutrition status. The percentage of measured N excretion of calculated N 
excretion was not affected by diet (69.3 %). Across diets, the percentage of measured N 
excretion of estimated was 100%. These results could be due to the N losing during 
sampling and storage (such as dust, feather) were not been considered in calculation. The 
emissions of N2 and N20 were not measured because of equipment limitations. However, the 
similar data of measured and estimated N excretion demonstrated that the indigestible marker 
method could be an easy way to estimate the total N emitted to the atmosphere by simply 
measuring AIA and N content of feed and manure after accumulation. 
Chamber mass balance of S data is presented in Table 3. Sulfur intake was higher for 
hens fed the R diet (1.95 kg) than hens fed C diet (0.35 kg) due to the additional dietary 
sulfur (CaS04) in that treatment group. The sulfur content of eggs has been previously 
estimated as 0.14% (Cotterill, 1977; Stadelman and Pratt, 1989). The S content of manure 
after three-wk storage was lower for hens fed the C diet (0.14 kg) than hens fed the R diet 
(1.26 kg). The emissions of H2S from hens fed the C diet (1.89 g) were also less than H2S 
emissions of hens fed the R diet (6.70 g). Sulfur excretion data were also estimated using 
three approaches (equations 1, 2, and 3). The calculated (equation 1), estimated (equation 2) 
and measured (equation 3) S excretion during three-wk period were greater from hens fed R 
diet (1.85, 1.54, and 1.27 kg, respectively) compared to hens fed C diet (0.24, 0.20, and 0.14 
kg, respectively). This result is due to the high dietary S content in R diet. Across ages, the 
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percentage of measured S excretion of calculated S excretion was 63.1 % and the percentage 
of measured S excretion of estimated S excretion was 73.4%. 
Chamber mass balance of P data is presented in Table 4. Phosphorus content of feed 
consumed, egg, and manure were similar from hens fed the C diet (0.82, 0.11, 0.66 kg) 
compared to those of hens fed the R diet (0.86, 0.11, and 0.69 kg). Age significantly affected 
phosphorus excretion. These results could be due to dietary phosphorus supplement 
differences at 21-, 38-, 59-wk of age relative to bird requirements. The P content of manure 
following a three-wk accumulation period was similar from hens fed the C (0.66 kg) and R 
diet (0.69 kg). The calculated P excretions were not different (0.67 kg) between hens fed the 
R diet compared to hens fed the C diet using equation (1). When the ingestible marker was 
used (equation 2), the estimated P excretions were greater from hens fed the R diet (0.92 kg) 
and C diet (0.72 kg). The measured P excretion using the chamber method was similar from 
hens fed the C (0.66 kg) and the R (0.69 kg) diets. Across diets, the percentage measured of 
calculated P excretion was 101.7 % and the percentage measured of estimated P was 71.9 %. 
Since less confusing factors existed, phosphorus could be utilized as a marker to evaluate the 
mass balance method. These results demonstrated that chamber method could used as a 
effective method to estimate nutrient loss using mass balance method. The average P 
excretions from hens fed both diets was equal to 0.40g/hen/day. 
CONCLUSIONS 
In conclusion, estimated N excretion using the chamber method was 69 and 100% of 
the calculation method and the indigestible marker method, respectively. Estimated S 
excretion using the chamber method was 63 and 73% of the calculation method and the 
indigestible marker method, respectively. Using the chamber method to estimated P 
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excretion was 95 and 72% of the calculation method and the indigestible marker method, 
respectively. Differences between the three methods of estimating nutrient excretion could 
be related to differences between estimated and actual nutrient content of eggs. Values of 
many nutrients reported in the literature vary considerably making it difficult to select the 
best value (Cotterill, 1977; Stadelman and Pratt, 1989). Differences between the three 
methods of estimating nutrient excretion could be also due to losses of nutrients in feathers 
and feed dust, changes in body weight and mortality, sampling and equipment errors. 
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Table 1. Apparent digestibility of fecal nitrogen (N), sulfur(S), phosphorus (P), and calcium 
(Ca) of hens fed a control (C) or reduced emission (R) diet at 41-and 62-wk of Hy-Line W36 
age 
Diet 
N 
Digestibility 
(%) 
S 
Digestibility 
(%) 
P 
Digestibility 
(%) 
Ca 
Digestibility 
(%) 
Age (wk) 
41 C 51.60 46.49 -3.85 37.66 
R 55.23 22.92 -13.39 19.32 
62 C 58.62 34.94 4.45 26.58 
R 48.34 14.48 -9.41 18.66 
Main effects 
Diet C 55.11 40.71a 0.30* 28.59* 
R 51.78 18.70b -11.41b 22.62^ 
Age 41 53.41 34.71a -8.63 32.12* 
62 53.48 24.71b -2.48 18.99^ 
SEM 7.178 5.117 8.459 4.827 
Probabilities 
Diet 0.37 <0.01 0.02 0.04 
Age 0.99 <0.01 0.17 <0.01 
Diet x Age 0.08 0.55 0.61 0.05 
a
"
b Means within a column with different superscripts differ significantly (P < 0.05). 
Table 2. Chamber mass balance of nitrogen (N) during a three-wk period of hens (80 hens per chamber) fed an acidifying diet supplemented 
with gypsum, zeolites, and slightly reduced crude protein diet (R) at 21-, 38- and 59-wk of age compared to commercial diet (C). 
Diet Feed Egg Calculated 
excretion1 
Manure2 Emission3 Estimated 
excretion 4 
Measured 
excretion 5 
Measured 
percent of 
calculated6 
Measured 
percent of 
estimated 7 
Age 
21-24 C 4.19 1.22 2.97 1.77 0.41 2.18 73.18 
R 3.94 1.23 2.71 1.82 0.30 2.11 77.98 
38^1 C 4.16 1.40 2.76 1.01 0.88 2.01 1.89 68.36 101.21 
R 4.00 1.36 2.64 1.26 0.49 1.79 1.74 66.14 97.77 
59-61 C 4.24 1.19 3.05 1.04 0.93 1.75 1.97 64.55 112.95 
R 3.99 1.23 2.76 1.23 0.58 2.06 1.82 65.66 88.30 
Main effect mean 
Diet 
C 4.20 1.27 2.93 1.27 0.74 1.88 2.01 68.70 107.08 
R 3.98 1.27 2.70 1.43 0.45 1.92 1.89 69.92 93.04 
Age 
21-24 4.07 1.22 2.84 1.79 0.35 2.15 75.58 
38-41 4.08 1.38 2.70 1.13 0.68 1.90 1.82 67.25 99.49 
59-61 4.12 1.21 2.90 1.14 0.75 1.91 1.89 65.11 100.04 
SEM 0.061 0.035 0.065 0.185 0.050 0.292 0.191 6.806 22.354 
Probabilities 
Diet <0.01 0.81 <0.01 0.04 <0.01 0.76 0.15 0.66 0.23 
Age 0.28 <0.01 <0.01 <0.01 <0.01 0.97 <0.01 0.02 0.92 
Diet x Age 0.24 0.14 0.05 0.54 <0.01 0.09 0.88 0.60 0.36 
ON 
00 
1 Calculated excretion =(Wfeed x Cfeed) - (Weggs x Ceggs). The total weight of feed and eggs are represented as Wfeed and Weggs. concentration of N is 
represented as Cfeed, and Ceggs for feed and eggs, respectively. N content of egg is 1.7% (Cotterill et al., 1977; Stadelman and Pratt, 1989) 
Manure N content after three-wk period= W m,IMIlreX Cmanure; concentrations of N of the manure at the end of trial are presented as C manure and 
measured by the compositional analyses of manure remained in the chamber after the three-wk period. 
Emissions of NH3, NO, N02 
Estimated N excretion during a three-wk period = WfecaiX Cfecai ; The Wfecai represents the estimated total weight of excreta and calculated by the 
following equations: Wfecai= (AIAfeed x Wfeed) / AIAfecaL The AIAfeed and AIAfecai represents of the percentage of acid insoluble ash of feed and 24-hr 
fecal sample, respectively. Cfecai represents the concentration of N of 24 hr fecal sample. Ce lite (1%) was only added to the diets of 38- and 59-wk 
age hens. So data of 21-wk age hens was not available. 
The measured excretion =Wmanurex Cmanure + Nemltted 
(Measured - calculated) x 100. 
(Measured - estimated) x 100. 
Table 3. Chamber mass balance of sulfur (S) during a three-wk period of hens (80 hens per chamber) fed an acidifying diet supplemented 
with gypsum, zeolites, and slightly reduced crude protein diet (R) at 21-, 38- and 59-wk of age compared to commercial diet (C). 
MM 
Diet Feed Egg Calculated 
excretion1 
Manure2 Emission3 Estimated 
excretion 4 
Measured 
excretion 5 
Measured 
percent of 
calculated6 
Measured 
percent of 
estimated ' 
Age 
21-24 C 0.38 0.10 0.28 0.15 0.70 0.16 55.63 
R 2.06 0.10 1.96 1.39 2.41 1.39 70.83 
38-41 C 0.36 0.12 0.25 0.12 3.25 0.19 0.12 49.50 64.81 
R 1.92 0.11 1.81 1.29 12.23 1.48 1.30 72.15 88.27 
59-61 C 0.31 0.10 0.21 0.14 1.72 0.20 0.14 67.19 70.80 
R 1.88 0.10 1.77 1.11 5.47 1.60 1.12 63.16 69.88 
Main effect mean 
Diet 
C 0.35 0.10 0.24 0.14 1.89 0.20 0.14 57.44 67.81 
R 1.95 0.10 1.85 1.26 6.70 1.54 1.27 68.71 79.08 
Age 
21-24 1.22 0.10 1.12 0.77 1.55 0.77 63.23 
38-41 1.14 0.11 1.03 0.70 7.74 0.84 0.71 60.83 76.54 
59-61 1.09 0.10 0.99 0.63 3.59 0.90 0.63 65.18 70.34 
SEM 0.015 0.003 0.014 0.095 0.852 0.064 0.095 7.856 14.426 
Probabilities 
Diet <0.01 0.81 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.14 
Age <0.01 <0.01 <0.01 0.02 <0.01 0.06 0.03 0.55 0.41 
Diet x Age <0.01 0.14 <0.01 0.04 <0.01 0.09 0.04 <0.01 0.12 
1 Calculated excretion = (Wfeed x Cfeed) - (Weggs x Ceggs) The total weight of feed and eggs are represented as Wfeed and Weggs. concentration of S is 
represented as Cfeed, and Ceggs for feed and eggs, respectively. S content of egg is 0.14% (Cotterill et al., 1977; Stadelman and Pratt, 1989) 
2 Manure S content after three-wk period= W lmiMllreX Cmanure; concentrations of N of the manure at the end of trial are presented as C manure and 
measured by the compositional analyses of manure remained in the chamber after the three-wk period. 
3 Emissions of H2S 
4 Estimated N excretion during a three-wk period = Wfecai x Cfecai ; The Wfecai represents the estimated total weight of excreta and calculated by the 
following equations: Wfecai= (AIAfeedx Wfeed ) / AIAfecai The AIAfeedand AIAfecai represents of the percentage of acid insoluble ash of feed and 24-
hr fecal sample, respectively. Cfecai represents the concentration of N of 24 hr fecal sample. Ce lite (1%) was only added to the diets of 38- and 
59-wk age hens. So data of 21-wk age hens was not available. 
5 The measured excretion =Wmanurex Cmanure + Semltted 
6 (Measured - calculated) x 100. 
7 (Measured-^ estimated) x 100. 
Table 4. Chamber mass balance of phosphorus (P) during a three-wk period of hens (80 hens per chamber) fed an acidifying diet 
supplemented with gypsum, zeolites, and slightly reduced crude protein diet at 21-, 38- and 59-wk of age compared to commercial diet (C). 
P(kg) 
Diet Feed Egg Calculated 
excretion1 
Manure2 Estimated 
excretion 4 
Measured 
excretion 4 
Measured 
percent of 
calculated5 
Measured 
percent of 
estimated 
Age 
21-24 C 0.87 0.11 0.76 0.78 0.78 102.75 
R 0.83 0.11 0.72 0.86 0.86 119.78 
38^1 C 0.86 0.12 0.73 0.66 0.89 0.66 90.42 75.08 
R 0.87 0.12 0.75 0.63 0.99 0.63 84.51 64.79 
59-61 C 0.73 0.11 0.63 0.54 0.70 0.54 86.26 77.95 
R 0.77 0.11 0.66 0.58 0.84 0.58 88.18 69.62 
Main effect mean 
Diet 
C 0.82 0.16 0.66 0.66 0.79 0.66 99.45 76.51 
R 0.82 0.16 0.67 0.69 0.92 0.69 104.02 67.21 
Age 
21-24 0.85 0.15 0.70 0.82 0.82 118.17 
38-41 0.86 0.17 0.69 0.65 0.94 0.65 93.62 69.94 
59-61 0.75 0.15 0.60 0.56 0.77 0.56 93.42 73.78 
SEM 0.011 0.004 0.012 0.085 0.076 0.085 12.880 11.340 
Statistic Probabilities 
Diet 0.33 0.81 0.39 0.36 <0.01 0.36 0.39 0.13 
Age <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.51 
Diet x Age <0.01 0.14 <0.01 0.43 0.53 0.43 0.17 0.87 
1 Calculated excretion = (Wfeed x Cfeed) - (Weggs x Ceggs) The total weight of feed and eggs are represented as Wfeed and Weggs. concentration of P is 
represented as Cfeed, and Ceggs for feed and eggs, respectively. P content of egg is 0.21% (Cotterill et al., 1977; Stadelman and Pratt, 1989) 
2 Manure P content after three-wk period= W lmiMllreX Cmanure; concentrations of N of the manure at the end of trial are presented as C manure and 
measured by the compositional analyses of manure remained in the chamber after the three-wk period. 
Estimated N excretion during a three-wk period = Wfecai x Cfecai ; The Wfecai represents the estimated total weight of excreta and calculated by the 
following equations: Wfecai= (AIAfeedx Wfeed ) / AIAfecai The AIAfeedand AIAfecai represents of the percentage of acid insoluble ash of feed and 24-
hr fecal sample, respectively. Cfecai represents the concentration of N of 24 hr fecal sample. Celite (1%) was only added to the diets of 38- and 
59-wk age hens. So data of 21-wk age hens was not available. 
The measured excretion =Wmanurex Cmanure 
(Measured - calculated) x 100. 
(Measured - estimated) x 100. 
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CHAPTERS. GENERAL CONCLUSIONS 
GENERAL DISCUSSION 
The current study demonstrates that feeding a reduced emissions diet (R) containing 
6.9% of a gypsum-zeolite mixture which replaced 35% of the limestone and slightly reduced 
protein to laying hens effectively reduced daily mass of NH3 emitted by 39% and daily CH4 
emission by 17%. Daily NH3 emissions from hens fed the R diet (185.5, 312.2, and 333.5 mg 
per hen) were significantly lower than hens fed the C diet (255.1, 560.6, and 616.3 mg per 
hen) at 21, 38, and 59-wk trials, respectively. An age effect existed for the emission of NH3 
from laying hens. The reduction in NH3 emission, when comparing the R to the C diet, was 
greater for hens in the 38-wk (402.1 mg per hen) and 59-wk (447.5 mg per hen) age groups 
for hens in the 21-wk (277.0 mg per hen) age group. Daily CH4 emissions from hens fed the 
R diet (66.4 mg per hen) were lower than hens fed the C diet (80.2 mg per hen). Twenty-
one-wk hens produced greater emission of CH4than did 38-and 59-wk old hens. Daily C02 
emissions from hens fed the R diet during three week period (74,548 mg per hen) were lower 
than from hens fed the C diet (78,432 mg per hen). Daily NO emissions from hens fed the R 
diet (0.2 mg per hen) were less than NO emissions from of hens fed the C diet (0.4 mg per 
hen). No diet or age effects on emissions of N02 and non-methane total hydrocarbon were 
observed in the current study. Daily H2S emissions from hens fed the R diet (1.6, 7.1, and 
3.7 mg per hen) were greater than from hens fed the C diet (0.5, 1.9, and 0.8 mg per hen) at 
21-wk, 38-wk, and 59-wk of age, respectively, due to additional dietary sulfur combined with 
the acidifying affect of the gypsum. The current study also found that apparent digestibility 
of N (53.44%) was not affected by the diet and apparent digestibility of S, P, and Ca 
decreased in hens fed R diet (18.7, -11.4, and 22.6%, respectively) compared to hens fed C 
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diet (40.7, 0.3, and 28.6%, respectively). The current study illustrates that estimated N 
excretion using the chamber method was 69 and 100% of the calculation method and the 
indigestible marker method, respectively. Estimated S excretion using the chamber method 
was 63 and 73% of the calculation method and the indigestible marker method, respectively. 
Using the chamber method to estimated P excretion was 95 and 72% of the calculation 
method and the indigestible marker method, respectively. The average N and S excretions 
from hens fed both diets were equal to 1.16 and 0.40g/hen/day, respectively. 
NEEDS FOR FUTURE RESEARCH 
Further investigations are needed to address the increased emissions through a reformulation 
of diet. It is also important to determine the mechanism of how high dietary levels of 
acidogenic anions such as CaSC>4 utilized in the current study alternated blood acid-base 
balance and ultimately alter the bird's respiration rate. Further studies are also needed to 
identify where errors may have occurred in order to use the chamber method as a means of 
trucking nutrient flows to excreta and air emissions. 
